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The Muon g-2 experiment E989 at Fermilab measures the anomalous magnetic moment of
the muon 𝑎𝜇 with improved precision compared to the Brookhaven (E821) experiments. The
Brookhaven results are in tension with the Standard Model by more than 3𝜎. The determination
of 𝑎𝜇 requires the measurement of both the muon anomaly frequency, 𝜔𝑎, and the magnetic field,
B, that confines muons in a storage ring. The field is monitored by a set of coordinated nuclear
magnetic resonance (NMR) measurements. NMR probes at fixed locations above and below the
storage region constantly monitor the field. An in-vacuum trolley equipped with 17 NMR probes
maps the muon storage region, and a special water-based NMR probe provides the calibration
for the trolley probes. This presentation focuses on the determination of the time-dependent field
maps from combining the fixed probe measurements and the trolley maps. The field maps are
combined with the muon distribution to derive the average field observed by the muons during the
measurement. These proceedings will cover the analysis from the first data run.
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1. Introduction

Our collaboration reported a new measurement of the muon magnetic anomaly, 𝑎𝜇 = 1
2 (𝑔𝜇−2),

based on our Run-1 data set, which was collected between March and July of 2018. The result is

𝑎𝜇 (FNAL) = 116592040(54) × 10−11, (1)

measured to a precision of 460 ppb, and is in good agreement with the previous measurement from
Brookhaven [1]. A set of four companion papers cover the final result [2], the anomalous spin
precession frequency [3], the magnetic field measurements [4], and the beam dynamics corrections
[5]. These proceedings will broadly cover the magnetic field measurement and analysis for the
Run-1 data set.1

The spin of particle with a magnetic moment precesses about an external non-parallel magnetic
field at the Larmor frequency [6],

𝜔 =
𝑔𝑞

2𝑚
𝐵 (2)

. If the particle’s charge, 𝑞, and its mass, 𝑚, are known, simultaneous measurement of the spin
precession frequency 𝜔 and the magnetic field 𝐵 would allow the determination of the g-factor of
the particle. The muon’s magnetic moment is slightly greater than two due to interactions with the
vacuum. This shift, the magnetic anomaly 𝑎 =

𝑔−2
2 , is effected by interactions with virtual particles

in the vacuum. Therefore, a measurement of the magnetic anomaly can be used to probe properties
of these interactions. Current 𝑔 − 2 theory takes into account QED, electroweak, and QCD. The
QED terms dominate the value, but the QCD terms dominate the uncertainty [7].

In a constant magnetic field, the relative angle between the momentum and spin vectors of
the muon evolves over time. The rate of change of this angle, called the anomalous precession
frequency 𝜔𝑎, is (nearly) proportional to the magnetic anomaly, 𝑎𝜇.

®𝜔𝑎 = ®𝜔𝑠 − ®𝜔𝑐 ≈ − 𝑞

𝑚
𝑎𝜇 ®𝐵, (3)

where𝜔𝑠 is the spin precession frequency and𝜔𝑐 is the cyclotron (momentum precession) frequency.
Simultaneous measurement of 𝜔𝑎 and the magnetic field enable determination of 𝑎𝜇. In this
experiment, the field is measured as 𝜔′

𝑝, the Larmor frequency of the proton in water in the same
magnetic field, weighted by the muon distribution.

The muon-averaged field, 𝜔′
𝑝, can be laid out schematically as

𝜔′
𝑝 = 𝑓field

〈
𝜔p,meas

⊗
𝜌𝜇

〉
(1 + 𝐵𝑞 + 𝐵𝑘). (4)

Here, 𝑓field is the absolute calibration of the field that takes 𝜔p, meas to 𝜔′
𝑝, the equivalent Larmor

frequency of the proton in water. The term
〈
𝜔p,meas

⊗
𝜌𝜇

〉
is the average measured field weighted

by the muon distribution 𝜌𝜇. The terms 𝐵𝑞 and 𝐵𝑘 are the effects of fast transient magnetic fields
that cannot be measured by the field systems that measure 𝜔p, meas.

1A similar talk was given by the speaker at the 2021 DPyC-SMF conference.
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2. Measuring 𝜔𝑝

The magnetic field experienced by the muons is measured using several different magnetometer
systems. The most important of these are the calibration probe, trolley, and fixed probe systems.
The primary field mapping system, the trolley, is an array of magnetometers located in the vacuum
chamber. The trolley is pulled by cable around the muon storage region, measuring the field as it
goes. Each of these systems uses NMR magnetometry, and together they form a calibration chain
that allows us to measure the absolute field to a precision of 114 ppb (56 ppb from the calibration,
measurements, analysis, and averaging; and 99 ppb from the effects of fast transient fields).

Figure 1: The trolley generates precise field maps as a function of azimuthal position as it travels around the
ring. Between trolley runs, these maps are interpolated using measurements from the fixed probes that track
the evolution of the field.

The calibration chain begins at Argonne National Laboratory in a precision MRI magnet.
There, the calibration probe is cross-checked with a He-3 NMR probe [8]. The two probes were
found to be in excellent agreement. The calibration probe is then transferred to the storage ring at
FNAL, where the calibration from the calibration probe is transferred to each of the trolley probes.
Then, as the trolley moves about the storage ring, it can transfer the calibration to the array of fixed
probes.

After calibration, the primary systems used to map the magnetic field in the storage ring are the
trolley and the fixed probes. The trolley makes its measurements in the same volume that the muons
fill. It has 17 NMR probes and takes measurements in about 4000 azimuthal locations around the
ring, as shown in Figure 1. However, the trolley cannot be operated during muon fills because it
blocks their path, so it is pulled out of the way into its garage most of the time, only mapping the field
about every three days. On the contrary, the fixed probes only measure at 72 azimuthal locations
and are physically located outside the vacuum chambers, but they can continue measuring the field
during muon fills, providing information about how the field evolves between trolley runs. Figure
2 shows the relative locations of the trolley and fixed probes in an azimuthal slice of the ring. The
two sources are combined in the analysis, with the fixed probe data being used to interpolate the
field map between the trolley runs. For Run-1, this procedure, from measurement through analysis,
accounts for 56 ppb of the total uncertainty.
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Figure 2: The relative positions of the fixed and trolley probes in an azimuthal slice of the ring. In this
coordinate system, the muon’s magic radius is at (0, 0).

The NMR magnetometers are good for measuring quasi-static fields, but transients with char-
acteristic times faster than about a second require special systematic studies to measure. There are
two primary sources of transient magnetic fields in the storage ring: the electrostatic quadrupoles
and the faster kickers. The ESQ plates are charged to high voltage at each muon injection to provide
vertical focusing on the beam. Charging the plates induces vibrations, which generate a magnetic
field that perturbs the muons. For the Run-1 analysis, the effect of this transient field was found to be
-17 ppb with an uncertainty of 92 ppb, making it the dominant systematic effect on the final result.
Since the Run-1 publication, we have completed a more in-depth systematic study and expect this
uncertainty to be reduced in future results. Furthermore, beginning in Run-5, we have changed the
ESQ charging procedure to reduce the induced vibrations that cause the transient.

Muon Orbit Straw Trackers Calorimeter

High Momentum Decay Positron
Low Momentum Decay Positron

Figure 3: Decay positrons travel through the straw trackers. Their paths can be traced back using knowledge
of the magnetic field to their decay vertices, allowing for a calculation of the muon distribution.

The source of the other transient is the kicker system, which uses a fast magnetic field at the
beginning of each muon injection to kick the muons onto their ideal orbit. The kick induces eddy
currents that perturb the field as they decay. This effect is measured using a Faraday magnetometer
that can measure the field at the nanosecond level. The average effect on the muons was found to
be -27 ppb, with an uncertainty of 37 ppb. This measurement has also been refined and repeated
since the Run-1 publication to reduce its associated uncertainty. Table 1 details the corrections
and uncertainties for the quasi-static and transient dynamics of the field, weighted by the muon
distribution.
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In order to calculate the average magnetic field experienced by the muons, we need to know
both the magnetic field and the muon distribution in the storage ring as a function of position and
time. The muon distribution is measured by the straw trackers at two azimuthal locations. Those
two distributions are then used to extrapolate the distribution around the whole ring by combining
the measurement with beam dynamics simulations.

The straw trackers are formed of layers of overlapping straws filled with gas that is ionized as
positrons travel through the device towards the calorimeters. By measuring the positions where
the ionization occurs in the straws, we can find the tracks the positrons took from their decay
positions (see Figure 3). Extrapolating backwards through the magnetic field, these tracks are
used to determine the decay vertices of the positrons, which are used as a proxy for the muon
distribution at the two azimuthal locations of the straw trackers. We use the distributions averaged
over several hours of data collection as a weighting function when we average the magnetic field’s
non-uniformity.

Quantity Correction Terms Uncertainty
(ppb) (ppb)

𝜔′
𝑝 – 56

𝐵𝑘 -27 37
𝐵𝑞 -17 92

Totals -44 114

Table 1: The corrections and uncertainties to the field terms in Equation 4.
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