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RUN 1 (2018)
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RUN 2/3 (2019/2020) and beyond



MEASURE 𝑎𝜇 IN A STORAGE RING
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RUN 2/3 (2019/2020) and beyond
polarized muonsstore polarized muons 

in a dipole B field𝜔𝑎 = 𝜔𝑠 − 𝜔𝑐

𝜔𝑎 = 𝑎𝜇
𝑒𝐵

𝑚𝑐

extract the muon magnetic anomaly

𝐵
𝜔𝑎

by measuring 

𝑎𝜇

215 ppb

stat: 201 ppb
syst:   47 ppb

syst: 52 ppb
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Superconducting Magnet: 1.45T
Filed Monitor: Fixed NMR Probes

Trolley: Field Mapper

Designed for homogeneity (and stability)

azimuthally averaged B 
field 



NUCLEAR MAGNETIC RESONANCE: “COMAGNETOMETER”
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𝐵 = 𝛾𝑝𝜔𝑝

coil:
spin-flip & pick-up

proton rich sample

Run-2/3 improvement:

Evaluation of unc. in 𝜔𝑝 extraction
uncertainty: 16 - 19 ppb



MAPPING THE FIELD: THE TROLLEY
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17 probes, moves around the ring (70min)

~9000 2D field maps around the ring



MAPPING THE FIELD: THE TROLLEY
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17 probes, moves around the ring (70min)



12 parameter multipole expansion to describe the field in 2D slices

RMS around the ring <20 ppm

FIELD MAPS
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take field maps every 3-5 days

uncertainty from parametrization: 3 - 8 ppb



FIELD MAPS: CHALLENGES
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Challenges/sources of uncertainties

(Non-uniform) motion 
-> small eddy currents
uncertainty: 18 ppb

non perfect rail alignment
uncertainty: ~10 ppb

position determination
uncertainty: 4 ppb

Run-2/3 improvement:
NMR probe temperature 
dependence
uncertainty: 9-15 ppb



CALIBRATION
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Calibrate to the Lamor frequency of shielded protons in a spherical sample: 𝜔𝑝
′

NMR probes are in the 
“trolley’s magnetic environment”

water based calibration probe

1) swap place in situ uncertainty: 17 ppb

2) correct for material effects
3) correct from cylinder -> sphere

uncertainty: 9 ppb

Crosschecks:
- spherical water NMR probe (BNL)
- water spherical <-> 3He NMR
- against JPARC water NMR (CW) 



CALIBRATION
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Calibrate to the Lamor frequency of shielded protons in a spherical sample: 𝜔𝑝
′

NMR probes are in the 
“trolley’s magnetic environment”



CALIBRATION
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Calibrate to the Lamor frequency of shielded protons in a spherical sample: 𝜔𝑝
′

10.5 ppb uncertainty (hydrogen maser)
Metrologia 13, 179 (1977)

bound state QED calc., exact

PDG, dominated by

Phys. Rev. Lett. 130, 071801 (2023) 

0.13 ppt uncertainty

Phys. Rev. Lett. 82, 711 (1999)

22 ppb uncertainty
(Muonium hyper fine split.)magnetic field

seen by the muons



TRACKING THE FIELD OVER TIME
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378 Fixed Probes

- Outside of the storage region

- 72 position, ~5deg apart

the filed at one azimuth

New in Run-2/3

a) able to resolve the  azimuthal  
dependence of these mis-matches

b) dependence on time since magnet 
ramp up

tracking uncertainty from these mis-matches
uncertainty: ~17 ppb



WEIGHTING THE FIELD BY THE MUON DISTRIBUTION
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field maps 𝜔𝑝
′ (𝑥, 𝑦, 𝜙; 𝑡)

tracked by the fixed probes

muon distribution 𝑀(𝑥, 𝑦, 𝜙; 𝑡)
from trackers + simulation

𝜔𝑝
′
˜

(𝑡) =
∫ 𝜔𝑝

′ (𝑥, 𝑦, 𝜙; 𝑡) ⋅ 𝑀(𝑥, 𝑦, 𝜙; 𝑡)𝑑𝑉

∫𝑀(𝑥, 𝑦, 𝜙; 𝑡)𝑑𝑉

𝜔𝑝
′ (𝑥, 𝑦, 𝜙; 𝑡)𝑀(𝑥, 𝑦, 𝜙; 𝑡)

𝑀(𝑥, 𝑦, 𝜙; 𝑡)
Run-3b: upgraded kickersRun-2 and Run-3a

uncertainty: 7 - 13 ppb



THE MAGNETIC FIELD OF RUN 2/3
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Run 2
(25 field maps)

Run 3a
(34 field maps)

Run 3b
(10 field

maps)

Total field maps Run-2/3: 69 (Run-1: 14)

two independent analysis chains
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ESQ4

ESQ1

ESQ2

ESQ3

Collimators

Trolley Garage

uncertainty: 22 ppb

Kickers



TRANSIENT FIELDS FROM THE KICKERS
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Eddy currents from the kickers cause transient magnetic fields

Fiber based Faraday magnetometer 

Run-1 Measurement

Run-2/3 Measurement

Run-2/3 improvement:
Improved setup reduces vibrations
uncertainty: 37 ppb -> 13 ppb 



TRANSIENT FIELDS FROM ESQ VIBRATIONS
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Mechanical vibrations of ESQ plates cause magnetic field changes.

muon fills

at one location (in ESQ 4)



Run-1 Measurement 

Locations

TRANSIENT FIELDS FROM ESQ VIBRATIONS
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vacuum sealed NMR probe 

ESQ1 ESQ2 ESQ3ESQ4

Run-2/3 improvement:
mapping of azimuthal dependence
uncertainty: 92 ppb -> 20 ppb 



THE MAGNETIC FIELD OF RUN-2/3: SUMMARY
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Total field syst. in Run-2/3: 52 ppb (TDR goal: 70 ppb) 
Outlook: syst. unc. expectation for Run-4/5/6  < 70 ppb 

Run-2/3:
most significant reduction:
magnetic field transients
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TRANSIENT FIELDS FROM THE KICKERS
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TRANSIENT FIELDS FROM ESQ VIBRATIONS
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THE MAGNETIC FIELD OF RUN-2/3: SUMMARY
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Total field syst. in Run-2/3: 52 ppb (TDR goal: 70 ppb) 



HOW TO STORE MUONS: MAGNETIC FIELD
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Shimming

Fermilab:     ~15 ppm RMS    (~75 ppm peak-to-peak)

BNL E821:   ~35 ppm RMS    (~200 ppm peak-to-peak)



MAGNET TEMPERATURE
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Run-1

Run-2

Run-3


