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‣ Like every fundamental or system of particles, the muon has an intrinsic magnetic 
moment coupled to it’s spin by the gyromagnetic ratio g.

The spinning muon

‣ For example, nucleon magnetic moments:
- gp (proton) ~ 5.6
- gn (neutron) ~ -3.8

4

⇒ nucleon
substructure

�µ = g
e

2mµc
�S

‣ Interactions between the muon and virtual particles perturb this number, 
provides indirect measurement to wealth of physics:
- internal structure
- classes of interactions otherwise inaccessible
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Evolution of the SM muon magnetic moment
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History of experimental value
‣ In last 60 years, technology advancements has allowed enormous progress in 

experimentally measuring this quantity  

6

‣ Each measurement gained sensitivity to additional interaction types

40 INTRODUCTION AND PHYSICS MOTIVATION
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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

2004: Brookhaven measurement first to find robust 
discrepancy with SM value (~3.6σ)

aµ �
g � 2

2
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Measurement improvements

‣ Strategy: reboot experiment, develop new muon beamline at Fermilab to deliver 
21x statistics.  540 ppb (BNL meas)    140 ppb (FNAL goal)
- must reduce systematic uncertainty to fully exploit unprecedented stats

7

Arguably the strongest existing hint of 
new physics, must be tested rigorously 
with more statistics, better control of 

systematic effects

‣ The BNL measurement (as with all previous g-2 expt’s) was statistics-limited.
- “just” need more muons!

⇒
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Experimental technique overview

‣ Motional muons in magnetic field:
1. Cyclotron motion (momentum rotates)

2. Spin precession (spin rotates)

8

(�v · �B = 0)

⇒
Larmor precession

Thomas precession

Difference
frequency:

Precision measurements 
of ωa and B ⇒ aμ

aµ �
g � 2

2

�B

d�p

dt
= e�v � �B �c =

eB

�mc
⇒

d�S

dt
= �µ� �B �s =

geB

2mc
+ (1� �)

eB

�mc

�a = �s � �c = aµ
eB

mc
�s�s �c
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Experimental error overview

9

magnetic field systematics

‣ Spin precession statistics by far largest 
improvement

‣ To fully exploit statistics, need 
systematic improvement ~ factor 3
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‣Muon storage, spin precession
- beam dynamics systems
- measurement of ds/dt→
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Beam storage systems
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Beam storage systems
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Actively cancels 
magnet flux return 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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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

prototype kicker

Injected muons off-orbit.  
“Kicks” (10 mrad bend) 
muons onto ideal orbit
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-

+

-

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

vertical confinement
- dramatically increases storage efficiency

14

muon 
aperture

+ + + +

+ + + +

- 
-
-
-

- 
-
-
-

Force 
on μ+ 

⇒

up to 70 kV

non-zero vertical momentum
component without focusing with focusing

- -
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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
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Experimental technique: ωa   (spin precession)

‣ Parity violation in weak interactions critical 
to experimental technique.  Muons from DIF 
pions naturally polarized.

‣ Polarized muons injected into 7.1m storage 
ring 

16
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observe electron 
direction, energy for 
~10 muon lifetimes
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‣Motivation
- brief g-2 history
- measurement overview

‣Current status, path forward
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‣Muon storage, spin precession

‣Magnetic field determination 
- absolute calibration
- production tools
- semi-in situ calibration
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Expression used in final analysis

What’s needed from field measurements
‣ Recast aμ in 

fundamental 
constants:

18

➙
�

�
mµ

me

�
� 25 ppb

�

�
µe

µp

�
� 8 ppb

µe =
ge�
4me

g-2 observables:

ωa: measured directly.

ωp: free proton
precession frequency.  

“how quickly 
would the spin of a 
free proton rotate 
in the g-2 ring?”

�
�ge

2

�
� 0.3 ppb

�a = aµ
eB

mc

aµ =
�a

�p

µp

µe

mµ

me

ge

2

B =
��p

2µp

t
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‣ Pulsed Nuclear Magnetic Resonance (NMR):
- RF signals tip bulk magnetization vector of NMR sample by π/2

Magnetometer

19

- spin precession picked up by same RF coils 
proportional to |B| (via Fourier transform)

- excellent precision:  ~ 20 ppb

- sample is not free protons: typically water 
based, doped with CuSO4 to reduce 
relaxation time → increase repetition rate

B
→

Sample with bulk 
magnetization M 
surrounded by 

RF coils

M
→

RF excitation/ 
pickup coils

Sample:
H20 + CuSO4
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Water-based NMR probe calibration
‣ Shift from field felt by free proton (fp) compared to protons in water (p):

‣ Absolute calibration steps for g-2:
1.  Need independent measurements of σ(H20) 

2.  Record it’s NMR signals in highly uniform, stable magnetic field 

3.  Transfer calibration to ~400 probes in g-2 exp’t

20

Bp = (1� �t)B
�t = �(H20) + �b + �p + �s

diamagnetic shielding

shape-dependent bulk 
diamagnetism

paramagnetic impurities

additional 
diamagnetic
materials in

probe structure

fp

Measure
with NMR

remaining
unknown

External 
information
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‣ High uniformity inside g-2 ring, but demand even better for delicate, critical calibration 

‣ Developing new magnet test facility at Argonne to produce enormously homogeneous, 
stable field

‣ Can also test various systematic effects
- e.g., temp dependence, material influence

‣ Plan to cross-calibrate with J-PARC g-2

‣ Also investigating using He-3 probe 
- different systematics

Homogeneous, stable field

21

0-4 Tesla hospital-style MRI 
magnet at Argonne

OR66 specifications at 4T
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Absolute calibration Trolley relative calibration

Magnetic field summary

22

Calibration flow

�t = �(H20) + �b + �p + �s

Bp = (1� �t)B

Measured Minimize in calibration probe

dB/dx 

:
Δ Babs - Btrolley  

 
But: 

ΔBmeas = ΔB + Δ

Δx
 

   1  
2 . =

: / * 1 *

   1 11
: / / 11

*

inside g-2 ring

inside MRI solenoid

Trolley measures field in storage volume, 
calibrates stationary probes

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

Fixed probes 
monitor field 
during muon 
storage

711.2 cm Ring center 

Vacuum chamber cross section

Field homogeneity, stability critically affect uncertainty in these processes

replaced with petroleum jelly. The jelly has several advan-
tages over water: low evaporation, favorable relaxation
times at room temperature, a proton NMR signal almost
comparable to that from water, and a chemical shift (and
thus the NMR frequency) having a negligible temperature
coefficient.

The free-induction decay signals are obtained after
pulsed excitation, using narrow-band duplexing, multi-
plexing, and filtering electronics [22]. The signals from
all probes are mixed with a standard frequency fref !
61:74 MHz corresponding to a reference magnetic field
Bref . The reference frequency is obtained from a synthe-
sizer, which is phase-locked to the base clock of the
LORAN-C broadcast frequency standard [24], accurate
to 10"11. In a typical probe, the nuclear spins of the water
sample are excited by an rf pulse of 5 W and 10 !s length
applied to the resonance circuit. The coil Ls and the
capacitance Cs form a resonant circuit at the NMR fre-
quency with a quality factor of typically 100. The coil Lp
serves to match the impedances of the probe assembly and
the cable. The rf pulse produces a linearly polarized rf field
~H in coil Ls, orthogonal to the dipole field. The rf pulse

rotates the macroscopic magnetization in the probe by 90#.
The NMR signal from the precessing magnetization at the
frequency fNMR is picked up by the coil Ls of the same
resonance circuit and transmitted back through a duplexer
to the input of a low-noise preamplifier. It is then mixed
with fref to obtain the intermediate frequency fFID. We set
fref smaller than fNMR for all probes so that fFID is ap-

proximately 50 kHz. The typical FID signal decays expo-
nentially and the time between the first and last zero
crossing—the latter defined by when the amplitude has
decayed to about 1=3 of its initial value [22]—is of order
1 ms. The interval is measured with a resolution of 50 ns
and the number of crossings in this interval is counted. The
ratio gives the frequency fFID for a single measurement,
which can be converted to the magnetic field Breal at the
location of the probe’s active volume through the relation

Breal ! Bref

!
1$ Breal " Bref

Bref

"
! Bref

!
1$ fFID

fref

"
: (13)

The analysis procedure, which is used to determine the
average magnetic field from the raw NMR data, is dis-
cussed in Section IVA.

H. Detector systems, electronics and data acquisition

1. Electromagnetic calorimeters

Twenty-four electromagnetic calorimeters are placed
symmetrically around the inside of the storage ring, adja-
cent to the vacuum chamber, which has a scalloped shape
to permit decay electrons to exit the vacuum through a flat
face cutout upstream of each calorimeter (see Fig. 8). The
calorimeters are used to measure the decay electron energy
and time of arrival. They are constrained in height by the
magnet yoke gap. The width and depth were chosen to
optimize the acceptance for high-energy electrons, and
minimize the low-energy electron acceptance. Each calo-
rimeter is 140 mm high by 230 mm wide and has a depth of
13 radiation lengths (150 mm). The 24 calorimeters inter-
cept approximately 65% of the electrons having energy
greater than 1.8 GeV. The acceptance falls with decreasing
electron energy.

Because of the high rate (few MHz) at early times
following injection, fast readout and excellent pulse sepa-
ration (in time) are necessary characteristics of the design.
They are achieved by using a plastic-scintillator-based
sampling calorimeter read out by photomultiplier tubes
(PMTs). The calorimeter (Pb/SciFi) volume is made of
52% lead alloy, 38% scintillating fiber, and 10% epoxy.
The detector provides good light yield and, in the limited
space, adequate shower containment. The 1 mm scintillat-
ing fibers are epoxied into grooved metal plates in a nearly
close-packed geometry. They are oriented radially, termi-
nating on four lightguides that pipe the light to Hamamatsu
R1828 2-inch PMTs (see Fig. 14). The individual PMT
gains and times were carefully balanced because the four
analog signals are added prior to sampling by a waveform
digitizer. The system is described in detail in Ref. [25].

Prior to use in the experiment, each calorimeter was
characterized and calibrated at the AGS test beam. The
response deviates from a linear form by less than 1% up to
3 GeV, falling short by 2.5% at 4 GeV. The detector frac-
tional energy resolution is approximately 7.0% at 1.9 GeV
and scales as 1=

####
E
p

. While the initial absolute calibration

FIG. 13 (color online). Photograph of the NMR trolley, which
measures the magnetic field in the storage ring. The array of 17
NMR probes, which are located inside the trolley housing,
82(1) mm behind the front of the trolley. Electronics occupies
the back part of the device. At the location of the probes, the field
perturbation by these materials is less than 2 ppm and is
accounted for by the calibration method. The probe numbers
and placement are given by the schematic.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-12
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Shimming the magnetic field
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Shimming the magnetic field
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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
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probes

Uncertainty from muon 
distribution

Others*
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Multipoles (ppm)

normal skew

Quad -0.29 0.15

Sext -0.71 -0.48

Octu 0.06 0.01

Decu 1.08 0.39

x [cm]
-4 -3 -2 -1 0 1 2 3 4

y
 [

c
m

]

-4

-3

-2

-1

0

1

2

3

4

-1.0

-1.0

-0.5

-0.5
-0.5

0
0

0

00.5

0.5

1.0

1.0

0.5
-1.0

-1.5

1.5

1.5

-4 -3 -2 -1 0 1 2 3 4

-4

-3

-2

-1

0

1

2

3

4

1

-4.0
-3.0

-2.0-1.0

0

0

1.0

1.0

2.0

2.0

3.0

3.0

1.0

-4 -3 -2 -1 0 1 2 3 4

-4

-3

-2

-1

0

1

2

3

4

-2.0
-1.5

-1.0

-1.0

-0.5

-1.0

-0.5

-0.5

0

00

0.5

0.5

0.5

1.0

1.0
1.5
2.0

0.5

y
 [

c
m

]

y
 [

c
m

]

x [cm] x [cm]

1999 B-field 2000 B-field

2001 B-field

day from February 1st, 2001

20 40 60 80

B
tr

ol
le

y
-B

fix
ed

 p
ro

be
s

-0.2

-0.1

0

0.1

0.2

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.

(p
pm

)



J. GrangeINFIERI

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
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FNAL goal is x2 
improvement in 

homogeneity 

Shimming the magnetic field
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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*
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Size of Error
(ppm)
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0.07
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0.20

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

Quad -0.29 0.15

Sext -0.71 -0.48
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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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‣ Many passive and active shimming tools to 
achieve unprecedented field homogeneity for 
such a large volume.

‣ Each “knob” adjusts nearly orthogonal 
components of the field shape

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

Active shims
•Dipole correction coils
•Surface correction coils
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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
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) 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
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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
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probes

Trolley measurement of 
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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 passive and active shimming tools to 
achieve unprecedented field homogeneity for 
such a large volume.

‣ Each “knob” adjusts nearly orthogonal 
components of the field shape

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

Active shims
•Dipole correction coils
•Surface correction coils
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Passive shimming example
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Passive shimming example
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Passive shimming example
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Passive shimming example
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‣Motivation
- brief g-2 history
- measurement overview

‣Muon storage, spin precession
- beam dynamics systems
- determine spin precession

‣Magnetic field determination 

27

‣Current status, path forward
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Current status of SM value

‣ Culmination of incredible amount of theoretical work, challenges remain to push 
forward

‣ Uncertainty dominated by hadronic interactions
- principally by hadronic vacuum polarization
- hadronic “light-by-light” uncertainty also important

‣ Various improvements → optimistic factor 2 reduction in                      
uncertainty on exp’t timescale

28

Value&(x&10+11)&

QED& 116&584&718.951&±&0.009&±&0.019&±&0.007&±&0.077&&

HVP&(lo)& 6949&±&42&

HVP&(ho)& +98.4&±&0.7&

HLBL& 105&±&26&

EW& 154&±&1&

Total&SM& 116&591&802&±&49&

aµ �
g � 2

2

π"

Had VP 

π"

B 

µ! µ!γ!

QED 

Z 

Weak Had LbL 

π!

Had VP 

π!

π!

Had VP 

π!δ(aμth) = 420 ppb
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3.5 years since groundbreaking

29

May 2013
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Ring reassembly
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3.5 years since groundbreaking

29

May 2013

Building finished early 2014

Ring reassembly
Beam line construction

μ’s
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Field shimming

‣ Sept 22, 2015: first full 
power since 2001! 
- entire ring at 4 K,      

5200 Amps in SC circuit

‣ Pre-vacuum chamber trolley 
commissioned to take first 
measurements.  On board:
- 25 NMR probes
- 4 contact-less gap sensors
- temperature sensor

‣ Map field in all three dim of 
storage volume: using a 
stepper motor, measure-
pull-measure sequencing 

31
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Field evolution in the last year

32
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Field evolution in the last year
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Summary
‣ New muon g-2 experiment at Fermilab will exploit new infrastructure in development 

at Fermilab to increase statistics by > factor 20.

‣ We have challenging and exciting work ahead of us.  In coming years, will test if 
current g-2 SM-exp’t discrepancy holds up to increased scrutiny.

33

‣ Must reduce systematic uncertainties by ~ 
factor 3 to avoid systematic limitation.  To 
understand the magnetic field at this level, 
better homogeneity and stability will be 
critical.
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Thanks for your attention!
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backup
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‣ Hadronic vacuum polarization can be tied to 
experimental data from e+e- colliders
- data already in hand to improve this calculation 

(analysis underway) 
- lots of planned improvements from VEP-2000, 

KLOE, BaBar, Belle, Novisibirsk, BES-III, …

h

µ!

γ!

µ!

γ!e+!

e�!

h

Anticipated improvements to the SM

36

π"

Had VP 

π"

‣ Hadronic light-by-light must be calculated by theory.  Model 
dependent, challenging…
- getting more attention lately
- workshops in 2011, 2014 by leading experts

B 

µ! µ!γ!

QED 

Z 

Weak Had LbL 

π!

Had VP 

π!

π!

Had VP 

π!

‣ Theory anticipated to improve by factor 2 on the experiment timescale

‣ Without theory improvements, discrepancy reaches > 5σ 

Lattice-QCD also progressing on both fronts 

(for same central values)
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New g-2 collaboration

37

16 international
institutions from

7 countries

13 US institutions

3 national labs

150+ collaborators

Strong mix of BNL g-2
members and new 

collaborators
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Accelerator rates, efficiencies

38
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ωa improvements

39
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Experiment schedule

40

MC#1%(GPP)%

FY19FY18FY14 FY15 FY16 FY17

g#2%Cryo%Plant%(AIP)%
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Tune#up%
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2nd%Results%

Construc0on%(Project%&%Muon%Campus):%

Opera0ons%(Laboratory):%

Analysis%(Collabora0on):%

1D2%x%BNL%sta0s0cs%

~5D10%x%BNL%

Final%Results%

1st%Results%
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ωp improvements

41
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Accelerator modifications

42
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FNAL accelerator complex
‣ Proven technique, statistics limited, tantalizing discrepancy… 

43

Evolved into FNAL “muon campus” plan: g-2, mu2e first users

Wilson hall Booster 
synchrotron

g-2

mu2e
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Must find “Bμ”
‣ Critical quantity is field experienced by the muons.  Along with NMR trolley 

measurements, need beam optics and muon momentum distribution.  
‣ Muons make ~400 revolutions per lifetime ⇾ field average is important

‣ Must interpolate average field value between trolley runs

44

<B(θ)> 
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Magnetic field uncertainty summary

45

BNL FNAL
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Towards getting the ring to FNAL
‣ Steel pieces come apart, able to transport in trucks

46
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Towards getting the ring to FNAL
‣ Not the superconducting rings though…

47

Many, many windings epoxied in place…
can’t unwind, can’t cut.
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Vacuum chambers
‣ 12 independent 4m-long 

aluminum vacuum chambers 
- no ferrous material!

‣ Many access ports for hardware, 
visual access, feedthroughs, etc. 

48

‣ Houses entire NMR system:
- mobile “trolley” with 17 probes 

stored in vacuum
- 375 in-air fixed probes evenly 

distributed around ring on top and 
bottom of chamber
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711.2 cm Ring center 

Vacuum chamber cross section

Calibration transfer

‣ 375 NMR probes constantly monitor field just outside μ 
storage region, individually calibrated as trolley passes its 
position

‣ Sole ωp observable during muon precession runs

‣ Field shape drifts inside storage volume 
- invisible to fixed probes

49

NMR trolley ⇒ stationary NMR probes

Magnet test facility ⇒ NMR trolley

replaced with petroleum jelly. The jelly has several advan-
tages over water: low evaporation, favorable relaxation
times at room temperature, a proton NMR signal almost
comparable to that from water, and a chemical shift (and
thus the NMR frequency) having a negligible temperature
coefficient.

The free-induction decay signals are obtained after
pulsed excitation, using narrow-band duplexing, multi-
plexing, and filtering electronics [22]. The signals from
all probes are mixed with a standard frequency fref !
61:74 MHz corresponding to a reference magnetic field
Bref . The reference frequency is obtained from a synthe-
sizer, which is phase-locked to the base clock of the
LORAN-C broadcast frequency standard [24], accurate
to 10"11. In a typical probe, the nuclear spins of the water
sample are excited by an rf pulse of 5 W and 10 !s length
applied to the resonance circuit. The coil Ls and the
capacitance Cs form a resonant circuit at the NMR fre-
quency with a quality factor of typically 100. The coil Lp
serves to match the impedances of the probe assembly and
the cable. The rf pulse produces a linearly polarized rf field
~H in coil Ls, orthogonal to the dipole field. The rf pulse

rotates the macroscopic magnetization in the probe by 90#.
The NMR signal from the precessing magnetization at the
frequency fNMR is picked up by the coil Ls of the same
resonance circuit and transmitted back through a duplexer
to the input of a low-noise preamplifier. It is then mixed
with fref to obtain the intermediate frequency fFID. We set
fref smaller than fNMR for all probes so that fFID is ap-

proximately 50 kHz. The typical FID signal decays expo-
nentially and the time between the first and last zero
crossing—the latter defined by when the amplitude has
decayed to about 1=3 of its initial value [22]—is of order
1 ms. The interval is measured with a resolution of 50 ns
and the number of crossings in this interval is counted. The
ratio gives the frequency fFID for a single measurement,
which can be converted to the magnetic field Breal at the
location of the probe’s active volume through the relation

Breal ! Bref

!
1$ Breal " Bref

Bref

"
! Bref

!
1$ fFID

fref

"
: (13)

The analysis procedure, which is used to determine the
average magnetic field from the raw NMR data, is dis-
cussed in Section IVA.

H. Detector systems, electronics and data acquisition

1. Electromagnetic calorimeters

Twenty-four electromagnetic calorimeters are placed
symmetrically around the inside of the storage ring, adja-
cent to the vacuum chamber, which has a scalloped shape
to permit decay electrons to exit the vacuum through a flat
face cutout upstream of each calorimeter (see Fig. 8). The
calorimeters are used to measure the decay electron energy
and time of arrival. They are constrained in height by the
magnet yoke gap. The width and depth were chosen to
optimize the acceptance for high-energy electrons, and
minimize the low-energy electron acceptance. Each calo-
rimeter is 140 mm high by 230 mm wide and has a depth of
13 radiation lengths (150 mm). The 24 calorimeters inter-
cept approximately 65% of the electrons having energy
greater than 1.8 GeV. The acceptance falls with decreasing
electron energy.

Because of the high rate (few MHz) at early times
following injection, fast readout and excellent pulse sepa-
ration (in time) are necessary characteristics of the design.
They are achieved by using a plastic-scintillator-based
sampling calorimeter read out by photomultiplier tubes
(PMTs). The calorimeter (Pb/SciFi) volume is made of
52% lead alloy, 38% scintillating fiber, and 10% epoxy.
The detector provides good light yield and, in the limited
space, adequate shower containment. The 1 mm scintillat-
ing fibers are epoxied into grooved metal plates in a nearly
close-packed geometry. They are oriented radially, termi-
nating on four lightguides that pipe the light to Hamamatsu
R1828 2-inch PMTs (see Fig. 14). The individual PMT
gains and times were carefully balanced because the four
analog signals are added prior to sampling by a waveform
digitizer. The system is described in detail in Ref. [25].

Prior to use in the experiment, each calorimeter was
characterized and calibrated at the AGS test beam. The
response deviates from a linear form by less than 1% up to
3 GeV, falling short by 2.5% at 4 GeV. The detector frac-
tional energy resolution is approximately 7.0% at 1.9 GeV
and scales as 1=

####
E
p

. While the initial absolute calibration

FIG. 13 (color online). Photograph of the NMR trolley, which
measures the magnetic field in the storage ring. The array of 17
NMR probes, which are located inside the trolley housing,
82(1) mm behind the front of the trolley. Electronics occupies
the back part of the device. At the location of the probes, the field
perturbation by these materials is less than 2 ppm and is
accounted for by the calibration method. The probe numbers
and placement are given by the schematic.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-12

‣ Matrix of 17 NMR probes pulled around ring as 
needed (~daily during beam-off conditions)

‣ Calibrated in MRI magnet and specially shimmed 
region in g-2 ring

‣ Directly measures “Bμ”, the average field felt by 
stored muons

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

precise 3D map of |B|
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Calibration worries: position, gradients, stability

50

‣ Extra shimming attention paid to specific “calibration region” in g-2 ring.

dB/dx 

:
Δ Babs - Btrolley  

 
But: 

ΔBmeas = ΔB + Δ

Δx
 

   1  
2 . =

: / * 1 *

   1 11
: / / 11

*

+ *
Δ Babs - Btrolley  

 
But: 

ΔBmeas = ΔB + Δ  * Δt

‣ Combination of all effects led to ~90 
ppb magnetic field uncertainty
- FNAL goal: 30 ppb

gradients position
Systematics

stability calib. time

(gross exaggeration)

Want:

But:

g-2 pole
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Absolute calibration Trolley relative calibration

Magnetic field summary

51

Calibration flow

�t = �(H20) + �b + �p + �s

Bp = (1� �t)B

Measured Minimize in calibration probe

dB/dx 

:
Δ Babs - Btrolley  

 
But: 

ΔBmeas = ΔB + Δ

Δx
 

   1  
2 . =

: / * 1 *

   1 11
: / / 11

*

inside g-2 ring

inside MRI solenoid

Trolley relatively calibrates fixed probes, 
measures Bμ.

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

Fixed probes 
monitor field 
during muon 
storage

711.2 cm Ring center 

Vacuum chamber cross section

Field homogeneity, stability critically affect uncertainty in these processes

replaced with petroleum jelly. The jelly has several advan-
tages over water: low evaporation, favorable relaxation
times at room temperature, a proton NMR signal almost
comparable to that from water, and a chemical shift (and
thus the NMR frequency) having a negligible temperature
coefficient.

The free-induction decay signals are obtained after
pulsed excitation, using narrow-band duplexing, multi-
plexing, and filtering electronics [22]. The signals from
all probes are mixed with a standard frequency fref !
61:74 MHz corresponding to a reference magnetic field
Bref . The reference frequency is obtained from a synthe-
sizer, which is phase-locked to the base clock of the
LORAN-C broadcast frequency standard [24], accurate
to 10"11. In a typical probe, the nuclear spins of the water
sample are excited by an rf pulse of 5 W and 10 !s length
applied to the resonance circuit. The coil Ls and the
capacitance Cs form a resonant circuit at the NMR fre-
quency with a quality factor of typically 100. The coil Lp
serves to match the impedances of the probe assembly and
the cable. The rf pulse produces a linearly polarized rf field
~H in coil Ls, orthogonal to the dipole field. The rf pulse

rotates the macroscopic magnetization in the probe by 90#.
The NMR signal from the precessing magnetization at the
frequency fNMR is picked up by the coil Ls of the same
resonance circuit and transmitted back through a duplexer
to the input of a low-noise preamplifier. It is then mixed
with fref to obtain the intermediate frequency fFID. We set
fref smaller than fNMR for all probes so that fFID is ap-

proximately 50 kHz. The typical FID signal decays expo-
nentially and the time between the first and last zero
crossing—the latter defined by when the amplitude has
decayed to about 1=3 of its initial value [22]—is of order
1 ms. The interval is measured with a resolution of 50 ns
and the number of crossings in this interval is counted. The
ratio gives the frequency fFID for a single measurement,
which can be converted to the magnetic field Breal at the
location of the probe’s active volume through the relation

Breal ! Bref

!
1$ Breal " Bref

Bref

"
! Bref

!
1$ fFID

fref

"
: (13)

The analysis procedure, which is used to determine the
average magnetic field from the raw NMR data, is dis-
cussed in Section IVA.

H. Detector systems, electronics and data acquisition

1. Electromagnetic calorimeters

Twenty-four electromagnetic calorimeters are placed
symmetrically around the inside of the storage ring, adja-
cent to the vacuum chamber, which has a scalloped shape
to permit decay electrons to exit the vacuum through a flat
face cutout upstream of each calorimeter (see Fig. 8). The
calorimeters are used to measure the decay electron energy
and time of arrival. They are constrained in height by the
magnet yoke gap. The width and depth were chosen to
optimize the acceptance for high-energy electrons, and
minimize the low-energy electron acceptance. Each calo-
rimeter is 140 mm high by 230 mm wide and has a depth of
13 radiation lengths (150 mm). The 24 calorimeters inter-
cept approximately 65% of the electrons having energy
greater than 1.8 GeV. The acceptance falls with decreasing
electron energy.

Because of the high rate (few MHz) at early times
following injection, fast readout and excellent pulse sepa-
ration (in time) are necessary characteristics of the design.
They are achieved by using a plastic-scintillator-based
sampling calorimeter read out by photomultiplier tubes
(PMTs). The calorimeter (Pb/SciFi) volume is made of
52% lead alloy, 38% scintillating fiber, and 10% epoxy.
The detector provides good light yield and, in the limited
space, adequate shower containment. The 1 mm scintillat-
ing fibers are epoxied into grooved metal plates in a nearly
close-packed geometry. They are oriented radially, termi-
nating on four lightguides that pipe the light to Hamamatsu
R1828 2-inch PMTs (see Fig. 14). The individual PMT
gains and times were carefully balanced because the four
analog signals are added prior to sampling by a waveform
digitizer. The system is described in detail in Ref. [25].

Prior to use in the experiment, each calorimeter was
characterized and calibrated at the AGS test beam. The
response deviates from a linear form by less than 1% up to
3 GeV, falling short by 2.5% at 4 GeV. The detector frac-
tional energy resolution is approximately 7.0% at 1.9 GeV
and scales as 1=

####
E
p

. While the initial absolute calibration

FIG. 13 (color online). Photograph of the NMR trolley, which
measures the magnetic field in the storage ring. The array of 17
NMR probes, which are located inside the trolley housing,
82(1) mm behind the front of the trolley. Electronics occupies
the back part of the device. At the location of the probes, the field
perturbation by these materials is less than 2 ppm and is
accounted for by the calibration method. The probe numbers
and placement are given by the schematic.

G. W. BENNETT et al. PHYSICAL REVIEW D 73, 072003 (2006)

072003-12
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Had to transport as one piece (summer ‘13)

52

Leaving BNL

Red frame for support - could not flex more than 3mm!
Loaded onto barge, took most of journey by seaOnto a truck To the sea
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Illinois roads

53

Closed down two major Chicago highways

Great opportunity to host the public
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New home for the ring (summer ‘14)
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New home for the ring (summer ‘14)
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711.2 cm Ring center 

Vacuum chamber cross section

Calibrating the fixed probes
‣ Due to distance from storage volume, can only grossly track 

field.  

‣ Trolley runs simultaneously directly measure field felt by 
muons and calibrates fixed probe readings.

‣ As magnet drifts, so does field shape and fixed probes lose 
calibration

55

‣ Trolley measurements interpolated 
into muon precession data with 70 
ppb uncertainty

‣ Better magnet stability and more 
frequent trolley runs will reduce this 
substantially for FNAL g-2
- FNAL goal: 30 ppb
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MRI solenoid req’s

56
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Absolute calibrations
‣ NMR probes typically precise to ~20 ppb.  However, accuracy for water-based 

probes shifted from true value by 10’s of ppm 
- correction dominated by diamagnetic shielding (~25 ppm)

57

Bp = (1� �t)B

�t = �(H20) + �b + �p + �s

diamagnetic shielding

shape-dependent bulk 
diamagnetism

(zero for perfect sphere)

paramagnetic impurities

additional 
diamagnetic
materials in

probe structure

‣ Strategy: 
1. place NMR probe with high-purity 

spherical water sample in stable and 
homogeneous magnetic field (e.g. MRI 
solenoid)

2. cross-calibrate various g-2 NMR probes 
in both MRI magnet and a special region 
in g-2 ring (again shimming is critical!)

1cm
BNL g-2 

absolute probe

fp
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Calorimeter calibration

‣ Early-to-late gain changes 
can pull precession 
frequency

‣ Four orders of magnitude 
rate change throughout 
muon fill!
- gain must be stable to 

within 10-3

58

Lab tests at INFN
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Pileup

59

top view

Strategy: calorimeters
with higher segmentation,

straw trackers further resolve
ambiguities 

‣ Recall self-analyzing μ decay

‣ Correlation strongest at high momentum.  
Pileup of two low E e+ may fake high E e+.
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Straw tracker

‣ Nearly massless (~10-3 X0) detectors measure full beam profile at three 
locations in ring.  Beam profile monitors:
- betatron motion
- momentum spread
- magnetic field variations (indirect)

‣ Few mm resolution for pileup detection

‣ Better energy resolution than calorimeter allows
verification of gain measurements

60

Prototype 
at FNAL 
test beam
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Straw tracker

‣ Also affords sensitivity to additional physics: muon electric dipole moment (EDM)

‣ Goal is order of magnitude improvement

61

NIU g-2 group heavily 
involved.  Future colloquium 
by Prof. Eads with more on 

straw trackers. 

size of μ EDM

“radial” 
spin precession

‣ Non-zero EDM observable in up-down asymmetry in spin precession

�dµ = �
e

4mc
�S

‣ BNL: |�dµ| < 1.8� 10�19e cm
Phys. Rev. D 80, 052008 (2009)
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Calorimeter improvements

‣ Much greater segmentation

‣ Dense medium (PbF2) 

‣ SiPM readout operates in fringe field
- waveform fully digitized

‣ Needs stable bias voltage

62

Size 2.5(x(2.5(cm 
Thickness 14(cm((>(15(X0) 
Segmenta;on 6(x(9 
Radia;on(length 0.93(cm 
Moliere(radius(RM 2.2(cm( 
Moliere(radius(RM((Cerenkov) 1.8(cm 

Multiple test beam runs 
(FNAL, SLAC)
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More calibration

63

from D. Kawall, 
UMass Amherst
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from D. Kawall, 
UMass Amherst
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Closed vs. open inflector

65
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Trolley position uncertainty: transverse
‣ Solution for FNAL:  better field homogeneity and measure rail “swimming” with 

laser system
- could make correction

‣ For in situ measurements, in special runs we will introduce known transverse 
gradients, compare trolley measurements to expectation

66

4 reflecting spheres
mounted on alternate
trolley, laser system
tracks their passage

through each rail 
system
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Counts from a single calorimeter

67

ωa

ωc
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Production target

68
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Trolley position uncertainty: transverse

‣ Transverse position defined by rails the trolley rides on 

69

here?

or here?
(gross exaggeration)

‣ Rail “swimming” back and forth can combine with transverse gradients such that the 
trolley measures the “wrong field”

‣ Solution for FNAL:  better field homogeneity and measure rail “swimming” with 
laser system
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History of experimental value
‣ In last 60 years, technology advancements has afforded enormous progress in 

experimentally accessing these interactions  

70

‣ Each measurement gained sensitivity to 
additional interaction types
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a   
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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

aµ �
g � 2

2

black: contribution
red: uncertainty
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σ(H20) (diamagnetic shift, “electron screening”)

‣ Bootstrap semi-empirical quantum calculation of σ(H2) to measure σ(H20)

71

free proton
ωp

B
→

deuterium
ωp [1-σ(H2)]

2 ppb uncertainty

➙
J. Chem. Phys. 105, 11051 (1996)

calculation

difference measurement

deuterium
ωp [1-σ(H2)]

water
ωp[1-σ(H20)]

-

deuterium
ωp [1-σ(H2)]

+

calculation

➙ σ(H20) = 25.6 ppm ± 2.5 ppb 

Previous measurement:
different approach, agrees

Metrologia 51 (2014) 54–60

M
et
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a 
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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.

72

+

+

- -
+

+
- -

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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Passive shimming

73
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Passive shimming

73

+
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- -
+

+
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steelair weaker 
field

(gross exaggeration)

stronger
field
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Passive shimming
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steelair

introduce
iron wedge

wedge piece
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Passive shimming
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Magnetic field
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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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around the storage ring as measured by the 
trolley.
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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.

(p
pm

)



J. GrangeINFIERI

Magnetic field
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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
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* higher multipoles, trolley temperature and its power supply 
voltage response, and eddy current from the kicker
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around the storage ring as measured by the 
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steps, whereas in 2000 and 2001, they are in
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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
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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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Why study muon g-2?
‣ Electron:  

- relative sensitivity to heavy physics couples with the squared mass of the probe 
- (mμ/me)2 ~ 104

- example: EW contributes 1.3 ppm to aμ (observable), 26 ppt to ae (still invisible)

76

Phys. Rev. Lett.  100, 
120801 (2008)

‣ Tau:
For same g-2 uncertainty, tau is a better probe 
of heavy physics
Experimentally untenable:
- Low production cross section in 

accelerator environment
- Rapid lifetime (10-13 s)
- aτexp still consistent with zero!

⇒ The μ is an ideal probe

�(aµ)expt = 540 ppb; �(ae)expt = 240 ppt
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Trolley position uncertainty

‣ Cable-pulling geometry resulted in non-linearites 
between trolley position and read-out

‣ Improvements for FNAL: better field 
homogeneity, realize barcode reader
- existing marks yield ~2mm longitudinal position 

resolution
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here?

or here?

barcode prototype

barcode marks 

(gross exaggeration)
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Focusing quadrupoles
‣ Static electric field in lab frame ⟹ magnetic field in muon rest frame

- high sensitivity to E-field, beam dynamics

‣ Fortunate trick: judicious choice of muon energy
- pioneered by CERN III (1979)

78

��a � ��s � ��c =
e

mc

�
aµ

�B �
�

aµ �
1

�2 � 1

�
(�� � �E)

�

+

+

- -
+

+
- -



J. GrangeINFIERI

Focusing quadrupoles
‣ Static electric field in lab frame ⟹ magnetic field in muon rest frame

- high sensitivity to E-field, beam dynamics

‣ Fortunate trick: judicious choice of muon energy
- pioneered by CERN III (1979)

78

for γ = 29.3
finite γ spread
leads to small 

correction

ø
��a � ��s � ��c =

e

mc

�
aµ

�B �
�

aµ �
1

�2 � 1

�
(�� � �E)

�

+

+

- -
+

+
- -



J. GrangeINFIERI

Focusing quadrupoles
‣ Static electric field in lab frame ⟹ magnetic field in muon rest frame

- high sensitivity to E-field, beam dynamics

‣ Fortunate trick: judicious choice of muon energy
- pioneered by CERN III (1979)

78

for γ = 29.3
finite γ spread
leads to small 

correction

ø
��a � ��s � ��c =

e

mc

�
aµ

�B �
�

aµ �
1

�2 � 1

�
(�� � �E)

�

ø
Aside:

JPARC g-2 plans 
to use

300 MeV muons,
low dispersion;
no E-field req’d
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Measuring “Bμ”: average field felt by muons

80



J. GrangeINFIERI

Measuring “Bμ”: average field felt by muons

‣ Two motor/driver pairs wind 
and unwind drums to pull 
trolley through muon storage 
region

‣ Each of 17 probes records 
~6000 NMR readings each run
- must know 3D position at 

measurement time!

80

Coax cable
delivers power,
receives NMR 

signals 

critical path of NMR active volumes 
defined by cable pull and rail support structure


