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Abstract

The Fermilab Muon g-2 experiment aims to measure the
~ muon anomaly with a precision of 140 parts-per-billion
£ (ppb) — a fourfold improvement over the 540 ppb precision
—g obtained by the BNL Muon g-2 experiment. These high
= precision experiments both require a very uniform muon
'é' storage ring magnetic field that precludes the use of vertical-
5 focusing magnetic quadrupoles. The Fermilab Electrostatic
& Quadrupole System (EQS) is the refurbished and upgraded
E BNL EQS, where this overview describes the Fermilab EQS
é and its recent operations.
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g INTRODUCTION

§‘ The magnetic ({) dipole moment for a fermion is given
S by

o) L q .,

~ M = g—s’

g:g 2m

g where g is the dimensionless g-factor, ¢ is charge, m is mass,
= and § is spin. Dirac theory predicts g = 2 for spin-1/2 point
;jparticles such as the muon, while Standard Model (SM)
m quantum field theory predicts g # 2. The deviation of g
8 from 2 is given by the anomaly: a = (g —2) /2.

£ Magnetic dipole moment measurements [1-3] provide
5 important tests of the SM, where the Brookhaven National
£ Laboratory (BNL) [3] and Fermi National Accelerator Lab-
& oratory (Fermilab) [4] Muon g-2 experiments are part of
5] . .

S a long history [2, 3] of measuring the muon anomaly (a,).
ﬂg The final BNL measurement [5] is

a, = 116592091 (54) (33) x 107!, (1)

where the first uncertainty in parentheses is statistical and the
zrsecond is systematic. The uncertainties in Eq. (1) correspond

be used un
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to a fractional statistical and systematic accuracy of 460 and
280 parts-per-billion (ppb) receptively, for a total precision
of 540 ppb. There is a greater than 30 difference between
the a,, measured value and SM prediction [5], which hints
at the possibility of physics beyond the SM.

The Fermilab experiment can calculate [4] a,, from

8e My Wy He
%= (Em—i‘m)/ (5] @

p P
where g, is the electron g-factor, m,/m, is the muon-
electron mass ratio, . /u, is the electron-proton magnetic
moment ratio, and w,, is the muon anomalous spin preces-
sion frequency. The <w ,,> in Eq. (2) corresponds to the aver-
age magnetic field seen by the muons, where the field has
been written in terms of the corresponding free proton Lar-
mor frequency because pulsed nuclear magnetic resonance is
used to measure the field. Values for g., m,/m,, and p./u,
can be obtained from CODATA [6], and the experiment will

measure w, and <wp> to calculate the corresponding a,.

The Fermilab Muon g-2 experiment is currently in the
first physics data-taking run, where it has the goal [4] of
measuring a, with a final statistical and systematic preci-
sion each having a value of 100 ppb for a total precision of
140 ppb. The 100 ppb statistical uncertainty is for w,, as the
statistical uncertainty for <wp> is negligible, and the w, and

<a)p> measurements are to each have a 70 ppb systematic
accuracy.

ELECTROSTATIC QUADRUPOLE
SYSTEM

The experiment works by injecting a polarized muon beam
from the Fermilab Muon Campus [7] into a circular storage
ring and measuring the arrival time and energy of the de-
cay positrons with 24 calorimeters [8, 9] placed uniformly
around the inside of the ring. A modulation on top of the
muon exponential decay is observed after applying a suitable
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energy threshold cut (Ey,) to the decay positron counts (N):

No (Eg, 1) e/ {1~
A (Ep, 1) cos [wat + ¢ (Em, )]}, (3)

N (Eth9 t) =

where ¢ is time, Ny is normalization, A is asymmetry, and ¢
is the so called “g-2 phase”.

The muon spin (5) precesses relative to the muon momen-
tum (p) and can be written as [10],

=L Gl

L_m] E}, @
&

(1 +a,1) mey »

{aﬂ p X B+
where B is the storage ring magnetic field, y is the Lorentz
factor, c is the speed of light, and E isthe storage ring electric
field. Equation (4) can be used to determine w, which is
found in Eqs. (2) and (3).

The so-called “lost muons” are muons lost from the stor-
age ring beam during a measurement period [3,4, 11, 12],
and they lead to a correction factor in Ny from Eq. (3). Some
of the muons from the initial lost muon population decay
before being lost and the daughter positrons enter into the
dataset used to fit for w,. Muon losses occur throughout a
measurement period, and therefore create a time dependent
systematic effect. This essentially turns the spin g-2 phase at
storage ring injection into a function of time if the lost muon
population has a different average spin compared to the fully
stored muon population. The w, and g-2 phase parameters
are strongly correlated in a fit to decay positron time spectra
data which can lead to a pull on the w, fit value.

The storage ring vertical magnetic field provides weak
radial (horizontal)-focusing of the beam. The experiment re-
quires a very uniform storage ring magnetic field to limit the
systematic uncertainty on the <a) p> measurement, which pre-
cludes the use of magnetic quadrupoles. Instead it operates
with a muon beam at the so-called “magic momentum” of
p = (mc) [yJa, = 3.094 GeV/c and uses vertical-focusing
electric quadrupoles in the storage ring. Use of magic mo-
mentum muons helps to limit the electric field systematic
effect on the w, measurement because the E term vanishes
in Eq. (4) for magic momentum muons.

The Electrostatic Quadrupole System (EQS) is turned on
during a measurement period, but is otherwise turned off so
as to reduce the rate of electrical sparking. It creates vertical-
focusing for positive muons by applying positive voltage
to the top and bottom plates along with weak horizontal-
defocusing by applying negative voltage to the side plates.
The vertical storage ring magnetic field more than compen-
sates for the EQS horizontal-defocusing. Four pairs of long
and short quadrupoles are placed around the storage ring
to give a 4-fold symmetry, and in total span ~ 43 % of the
ring. Each short quadrupole spans 13° of the storage ring,
where the corresponding long quadrupole spans 26° and sits
in the adjacent down-stream vacuum chamber. Figure 1 is a
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Figure 1: One end of a set of quadrupole plates and BNL
EQS HYV leads inside of a vacuum chamber. This picture
was taken during Fermilab EQS R&D.

picture showing one end of a set of quadrupole plates and
HV leads inside of a vacuum chamber.

There are 5 circular collimators that can be inserted into or
retracted from the beam path, where these collimators create
an effective 90 mm diameter circular aperture. Keeping the
beam well within these collimators reduces the lost muons.
Before a measurement period begins, the EQS is used to
shift the beam down, radially outward on one side of the
ring, and radially inward on the other side of the ring. After
the shifted beam has been scraped against the collimators,
it is adiabatically returned to the desired orbit (quadrupole
plate voltages change with a nominal 5 ps RC time constant).

UPGRADES

The Fermilab Muon g-2 experiment EQS is the refur-
bished BNL Muon g-2 experiment EQS [13] that also in-
cludes several important upgrades. The muon beam passes
through 2 quadrupole plates before being kicked onto the
desired storage ring orbit. The BNL EQS used specially
thinned aluminum for these plates to reduce muon scatter-
ing, while the Fermilab EQS uses aluminized mylar with
an aluminum frame to further reduce scattering. The BNL
EQS used thyratron based switches for generating high volt-
age (HV) pulses, while the Fermilab EQS instead uses solid
state IGBT based switches. The IGBT switches allow for the
quadrupole plates to be “connected” to the HV power sup-
plies and capacitors over a full measurement period which
helps to keep the plates charged.

The BNL experiment discovered that trapped low energy
electrons, which are primarily from the ionization of residual
gases, damage ceramic pieces on the vacuum side of the
HV feedthroughs that transfer HV to the quadrupole plates
inside of the vacuum system. Trapped electrons drift in the
E x B direction, following a path along the electrical leads
that connect the plates to the feedthroughs. The Fermilab
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A

g g experiment uses EQS extensions to displace the feedthroughs
B g toward the storage ring center and away from the vacuum
= Z chambers that sit in the storage ring magnet gap. The HV
3 2 feedthroughs now sit in a low B region that allows trapped
~2 electrons to escape to ground.

OPERATIONS

Figure 2 shows the relative number of decay positrons,
£ as measured by the Fermilab experiment real time Data
% Quality Monitoring (DQM) system, when beam scraping is
é turned off. Beam scraping can obscure individual betatron
§ resonance effects, as the transition from scraping to storage
£ voltages moves the beam through multiple resonances. A re-
2 duction in decay positrons is seen due to betatron resonances
§ centered near the 13.0, 16.8, 18.8 and 21.2 kV EQS storage
E 2 set-point voltages. An increase in lost muons due to betatron
f—‘» resonances is also measured with the calorimeters [12].

In Fig. 2 the decay positron calorimeter events pass the
£ energy (E,) cut E, > 1.8 GeV and time after injection (¢;)
g cut #; > 21.25 s, while all cluster calorimeter events pass
Z the cuts E, > 0.1 GeV and #; > 18.75 ps. The TO counter
&1s a scintillator detector used to measure the muon beam
8 flux just before injection into the storage ring. The “Decay
« Positrons / TO Integral” quantity provides a measure of stor-
f age efficiency for a given set of run conditions, while the
=“Decay Positrons / All Clusters” quantity provides a mea-
£ sure of w,, signal relative to calorimeter signal for “stored”
:2 muons. Both quantities are reduced by betatron resonances
% due to an increase in lost muons.

z  The experiment is currently in the first physics data-taking
< run, where EQS voltages for physics data-taking are chosen
®in the 15 to 21 kV range and are specifically selected to
& reduce resonance effects. Several sets of voltages are nec-
@essary, as the EQS does not always have stable operations
§ due to spark recovery difficulties. The spark rate depends
8 on conditions such as recent vacuum system exposure to
2 atmosphere extended EQS off-time, vacuum pressure, and
>q EQS operating voltages. Collecting data at several different
) EQS operating voltages provides an opportunity for beam-
% dynamics related systematic checks. Finally, the EQS is
S used to scrape the beam for ~ 7 us when taking physics data.
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CONCLUSION

The Fermilab Muon g-2 experiment will measure a,, with
5 unprecedented precision, where it is currently in the first
g physics data-taking run. The muon storage ring uses vertical-
3 focusing electric quadrupoles, as magnetic quadrupoles are
5 = precluded due to the systematic uncertainty goal for (w,,>
2 >.Several EQS operating voltages have been selected to avoid
E resonances, and the EQS is used to scrape the storage ring
= beam against collimators to reduce lost muons.
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Figure 2: Typical relative number of decay positron scans
as a function of EQS storage set-point voltage taken without
scraping.
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