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Abstract

The measurement of the anomalous magnetic moment of electrons and muons has

been an important test of the Standard Model (SM) of particle physics over many

decades. This is because it can be measured experimentally and calculated theo-

retically to a high precision. In particular the anomalous magnetic moment of the

muon, aµ, is an ideal candidate for the search of new physics due to the combination

of the muons large mass and relatively long lifetime.

The current world’s most precise value of aµ was measured by the E821 experi-

ment at the Brookhaven National laboratory (BNL). This achieved a precision of

540 ppb (463 ppb stat., 283 ppb syst.) and measured a ∼ 3.5σ deviation from the

SM value [1]. This motivated a new experiment: the E989 muon g–2 experiment

at the Fermi National Accelerator Laboratory (Fermilab) to confirm or reject this

discrepancy. This experiment aims to gather a data sample 21 times larger than the

BNL experiment and improve the determination of the systematic uncertainties by

a factor of three and thereby achieve a fourfold increase in precision to 140 ppb [2].

If the aµ value were to remain unchanged, this improvement in precision would es-

tablish evidence for Beyond SM (BSM) physics with a significance of more than 7

standard deviations.

The Fermilab experiment has the same methodology as the BNL experiment and

reuses the experiment’s storage ring magnet. New, improved experimental apparatus

has been introduced to reduce the systematic uncertainty on the aµ measurement.

One such improvement is the addition of two straw tracking stations. These measure

the trajectory of the positrons emitted from the (positive) muon decays which allows

a detailed study of the spatial and temporal motion of the beam and critical cross-

checks of the calorimeter data.

This thesis describes in detail the design, construction and testing of the tracking

detectors which were built at the University of Liverpool. A detailed study of the

vertical motion of the beam is also presented. This study provides an important

correction that must be applied to the data before aµ can be determined.
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Chapter 1

Introduction

Since the muon was discovered in 1936 [3] its properties have been of great interest

to the particle physics community. Of particular interest is how its behaviour differs

from the electron and what is the origin of its larger mass. One property in par-

ticular; its anomalous magnetic moment, a, has been the subject of detailed study

for more than 50 years [4]. Prior to the introduction of Quantum Electrodynamics

(QED), the Dirac theory [5] of quantum interactions predicted the anomalous mag-

netic moment to be exactly zero. The measurement of a non-zero value of a for the

electron in 1947 [6] came as a surprise and motivated Schwinger [7], Feynman [8],

Tomonaga [9], Dyson [10] and others to develop QED. This theory showed that the

non-zero value of a was due to quantum fluctuations of the electromagnetic field

around the particle. The measurement of this value with increasing precision under-

pinned the development of QED to include higher-order interactions and ultimately

the extension to incorporate hadronic and weak interactions. The incorporation of all

three interaction types in the theory became necessary to explain the measurements.

The anomalous magnetic moment of the electron is presently the most precisely mea-

sured and predicted value in modern physics. It is measured [11] and predicted [12]

to better than one part in 1012. However, despite this precision, its sensitivity to

BSM physics is limited to low mass phenomena since typical BSM interactions at an

energy scale of Λ contribute to a as (m/Λ)2 where m is the lepton mass. Showing

that the sensitivity of the lepton magnetic moments to SM/BSM physics increases

with increasing lepton mass. So while the precision of the ae measurements is ap-

proximately one thousand times better than the aµ measurements, it is only sensitive

1
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to QED interactions. The much larger muon mass means that aµ has a better sensi-

tivity to other parts of the SM than ae. aµ experiments are now so precise that they

can look for BSM interactions.

Improved measurements of ae and α, which limit the theory precision, may ultimately

lead to the electron having a sensitivity to BSM physics at higher mass scales [15].

Recently the most precise measurement of the fine structure constant has been mea-

sured and lead to a new calculation of ae. The value differs from theory by 2.5 sigma

but its sign is opposite to aµ [13]. It has been found that while there are theoretical

models that fit each anomaly separately, there is no appealing model that can fit both

simultaneously. An example of this is a model with a massive spin-1 Z’ boson (dark

photon) coupling very weakly to electrically charged particles through kinetic mixing

with the ordinary photon [14]. Where the Z’ boson like the photon has vector-like

and universal couplings to the muon and electron. This gives a positive contribution

to aµ but does not fit ae well, which favours a negative contribution.

The lifetime of the τ and the relatively low numbers of τ leptons that can be studied

experimentally mean that aτ [16] has essentially no sensitivity to BSM physics. The

muon thus remains the best particle to search for BSM physics through a precise aµ

measurement and this has motivated several generations of experiments to measure

aµ.

Underpinning these experiments was the discovery of parity-violating weak-decays [17,

18]. The maximal parity violation in the weak interaction means that muons from

pion decays are polarised and the spin and momentum of the muon are aligned. This

allows the direction of the muon’s spin to be determined from a measurement of its

decay electron. This has been exploited in all aµ experiments using a muon beam,

beginning with the three CERN experiments [19] that took place between 1958 and

1976. The final CERN experiment was the blueprint for the E821 experiment at

BNL which finished data taking in 2001 and achieved the most precise measurement

to date with a precision of 540 parts per billion (ppb).

The BNL experiment showed a ∼ 3.5σ discrepancy between the measured and theo-

retically predicted SM value. Since 2001 there have been incremental improvements

in the theoretical prediction but the discrepancy remains at 3.3–3.7σ [20, 21]. The

discrepancy has lead to a plethora of papers attributing the discrepancy to BSM
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interactions with explanations including, but not limited to, supersymmetry [22],

extended Higgs sectors [23], technicolor [24], and extra dimensions [25]. The dis-

crepancy between the BNL measurements and the SM and that no BSM phenomena

has yet been observed at the LHC motivates a new measurement of aµ to determine

whether the muon has a hitherto undetected BSM interaction or whether the BNL

measurement was merely a statistical fluctuation.

The muon E989 g–2 experiment at Fermilab aims to increase the precision on the

aµ measurement by a factor of four with respect to the BNL experiment in order to

prove or refute the discrepancy. The Fermilab experiment has a goal of measuring

aµ to a precision of 140 ppb. It is based on the BNL experiment, reusing the BNL

1.45T, 14m diameter storage ring, which was transported to Fermilab in 2013.

The Fermilab experiment has many improvements over the BNL experiment: the

beam has a lower pion contamination and the instantaneous rate, mitigating pileup,

is lower, while the overall yield of muons is substantially higher owing to the increased

number of muon injections per second. The magnetic field is more uniform and is

measured more precisely and frequently. The calorimeter system is much more finely

segmented with significantly improved spatial and temporal resolutions. The tracking

system which is a major part of this thesis is also significantly improved with a larger

acceptance, better resolution and electronics permitting measurements immediately

after the beam is injected. The tracking system comprises of two stations each

containing 8 tracking modules. These contain 128 straws filled with an Argon-Ethane

gas mixture each containing a sense wire. The tracking detectors are used to measure

the muon beam profile by extrapolating the trajectory of the decay positrons back to

the point of the muon1 decay. The variation of the beam position with time is a very

important aspect of the aµ determination, since the magnetic field is not uniform

over the beam profile and the acceptance of the calorimeters depends on the beam

position. Unless the beam motion is correctly accounted for in the analysis, it is not

possible to determine aµ accurately and without bias.

The beam was commissioned in June 2016 and the beam storage and performance of

the detectors was optimised from November 2017 through to March 2018. The first

physics data was taken in March–July 2018 where a sample almost twice the size
1Hereafter a muon should be taken to refer to a µ+, unless otherwise stated, since the E989

experiment has a µ+ beam.
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of the BNL dataset was accumulated. This so-called, Run-1 dataset, is the subject

of this thesis. Upgrades to the experimental apparatus were undertaken over the

summer and winter of 2018, and a second, so-called Run-2, dataset was accumulated

from March–July 2019. Together these two datasets have more than four times the

statistics of the BNL dataset. A third data run is due to begin in November 2019

and this should bring the size of the dataset to be more than 10 times that of the

BNL dataset.

The operating principles, construction and quality assurance testing of the straw

tracking detector are a major part of this thesis. The tracking detectors were built

and tested in the University of Liverpool clean rooms. I was heavily involved in

almost every step of the construction and testing of the straw tracking detectors

which took up the majority of the first two and a half years of my PhD. I was also

in charge of the metrology survey of the machined pieces of the trackers and the

decisions leading to which pieces were used in which module.

Using the data from the straw tracking detectors, I performed a detailed analysis of

the vertical motion of the stored muon beam as a function of time after the beam

is injected into the storage ring and compared the characteristic frequencies of this

motion with those expected. aµ is determined by a fit to the number of positrons

detected in the calorimeters as a function of time, along with a measurement of the

magnetic field. An acceptable fit to the data can only be obtained if a parameteri-

sation of the vertical beam motion is incorporated into the fit and if a correction is

applied to account for the fact that the beam is not perfectly perpendicular to the

magnetic field. My analysis determined this correction and the parameterisation of

the vertical motion: both of which are critical in the determination of aµ.



Chapter 2

The theory of lepton anomalous

magnetic moments

2.1 Introduction

In Particle Physics, the study of the anomalous magnetic moment of the muon is

particularly fascinating due to the wide range of SM physics it is sensitive to and

the precision with which it can be measured both experimentally and predicted

theoretically. It also provides a sensitive probe of BSM physics.

The magnetic dipole moment relates the torque experienced by a charged particle

to the external magnetic field. The torque acts perpendicular to both the magnetic

dipole moment and the magnetic field and causes the magnetic dipole moment to

precess about the direction of the magnetic field at the so-called Larmor frequency.

In quantum mechanics, charged particles with a non-zero spin have an intrinsic

magnetic dipole moment, µ, arising from the spin, even when at rest. The magnetic

dipole moment for a spin-12 charged particle is given by:

~µ = g
Qe

2m
~s, (2.1)

where g is the gyromagnetic ratio, Q is the sign of the charge, e is the charge of

the proton, m is the mass and ~s is the spin of the particle. The gyromagnetic ratio,

also known as the g-factor, is the dimensionless proportionality constant relating the

angular momentum and the intrinsic magnetic moment.

5
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After the discovery of spin, Dirac predicted that the g-factor of a spin-12 particle, such

as electrons and protons should be equal to 2 [5]. However in 1933, Frisch, Stern and

Estermann carried out measurements of the magnetic moment of the proton, which

at the time was considered to be a point-like Dirac particle. To everyone’s surprise, it

was discovered that the g-factor of the proton was in fact approximately 5.5 [27, 28].

This was followed by measurements of the neutron [29] which was assumed to have no

magnetic moment due to its zero charge. However it was also measured to have a large

magnetic moment. This lead to the first experimental evidence that nucleons were

composite particles and ultimately that their magnetic moments were understood to

arise from the magnetic moments of the point-like constituents of the nucleon i.e.

the quarks and gluons.

At the same time, experiments indicated that the electron g-factor was consistent

with ge = 2. However in 1947, a deviation was observed by the Kusch and Foley ex-

periment which found a 0.12% increase in this value, thereby indicating an unknown,

“anomalous” contribution to the magnetic moment [6].

This was resolved theoretically by Schwinger in 1948 [7] by exploiting the emergent

theory of Quantum Electrodynamics (QED). This explained that the discrepancy

was caused by a small radiative correction to the lowest order Dirac moment. This

resulted in the calculation of the lowest order self-interaction term for leptons emit-

ting and reabsorbing photons. The Feynman diagram for this is shown in Figure 2.1.

The Schwinger term for the leading-order (LO), one-loop correction, to ge is given

by

aQED
l =

α

2π
, (2.2)

where α is the electromagnetic coupling constant.

This correction accounted for the experimentally measured deviation from 2 and pro-

vided an early success of QED. The corrections to the g-factor are known collectively

as the anomalous magnetic moment, which for a lepton, l, is given by

al =
gl − 2

2
. (2.3)

Although the majority of the anomaly originates from QED processes, there are

smaller contributions from electroweak and hadronic processes which will be dis-
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Figure 2.1: Feynman diagram of the Schwinger, leading-order, QED contribution to

al.

cussed in the next section.

2.2 Standard Model value of aµ

The high precision to which aµ has been and is intended to be measured demands a

corresponding precision in the SM theoretical prediction. The comparison between

the experimental measurement and theory provides a stringent test of the SM. In

the SM, contributions to aµ arise from QED, strong (Had.) and electroweak (EW)

interactions, i.e.

aSMµ = aQED
µ + aHad.

µ + aEWµ . (2.4)

There is possible interference in these processes as any interaction that involves an

electroweak process falls into the electroweak contribution. These include purely elec-

troweak processes, electroweak with QED processes and electroweak with hadrons

processes all being parts of the electroweak contribution. Each of the above contri-

butions will be discussed below, with the contribution to aSMµ and its uncertainty

quoted for each part.

2.2.1 QED contributions to aµ

QED interactions contribute ∼ 99.99% to the value of aSMµ , but these interactions

are very precisely predicted. The QED contributions to aµ consists of all virtual

photon and lepton loops. The leading order contribution is the same as the electron

and is simply the Schwinger term: α
2π . At next-to-leading order (NLO) there are
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nine two loop processes, one of which is shown in Figure 2.2. The QED contribu-

tions have recently been calculated up to and including the five loop interactions by

Kinoshita et al. [12, 34]. A subset of the 12,672 five loop Feynman diagrams are

shown in Figure 2.3. While the number of interactions calculated is large and the

total contribution dominates, the uncertainty in the QED calculations is significantly

smaller than the uncertainty in the hadronic and electroweak contributions.

The SM theoretical value for the QED contribution to the anomalous magnetic mo-

ment is determined to be

aQED
µ = 116584718.97(0.07)×10−11. (2.5)

Figure 2.2: An example QED NLO Feynman diagram contributing to aµ.

Figure 2.3: Feynman diagrams for a number of typical five-loop QED contributions.

2.2.2 Electroweak contributions to aµ

The electroweak contribution arises from loop interactions of W, Z and Higgs bosons.

Their large masses suppress their contribution and the electroweak interactions are

the smallest contribution to aµ. A subset of the electroweak contributions to aµ are

shown in Figure 2.4. The interactions have been determined [35, 37, 43] to high

accuracy up to NLO and are dominated by the LO contribution.

The SM theoretical value for the electroweak contribution is determined to be

aEWµ = 153.6(1.0)×10−11. (2.6)
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Figure 2.4: Electroweak contributions to the anomalous magnetic moment. (a) The

LO electroweak interaction. It is identical to the Schwinger term, except the photon

is replaced by a Z boson. (b) The largest NLO contribution to aEWµ .

2.2.3 Hadronic contributions to aµ

Hadronic interactions contribute the largest uncertainty in the SM prediction of aµ.

These interactions arise from virtual quark and gluon loops and can be divided into

two contributions: the hadronic vacuum polarisation (HVP) and the hadronic light-

by-light (HLbL) contribution:

aHad.
µ = aHVP

µ + aHLbL
µ . (2.7)

The hadronic contributions, unlike the QED and electroweak contributions, cannot

be determined by a perturbative calculation [38]. This is because the energy scale of

the virtual hadronic interactions is of the ordermµ, which lies below the perturbative

region of QCD. Instead the HVP calculation relies on data from low-energy e+e−

experiments. This is because the HVP contribution to aµ can be related via a

dispersion relation to the cross section for e+e− annihilation into hadrons. Thus the

measured cross sections of e+e− annihilation into hadrons is used to make a HVP

calculation [39]. An example HVP Feynman diagram is shown in Figure 2.5. The

LO HVP contribution determined from the dispersion relation is given by

aHad.(LO)
µ =

(αmµ

3π

)2 ∫ ∞
m2
π

ds

s2
K(s)R(s), (2.8)

where R =
σtot(e

+e− → hadrons)

σ(e+e− → µ+µ−)
, (2.9)
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where s2 is the centre of mass energy, K(s) is a kinematic factor with a value of 0

at s = ∞ and 0.4 at s = m2
π. Due to the 1/s2 dependence, the value of aHad.(LO)

µ is

dominated by the R(s) values at low energies i.e. below 2GeV. Cross-section data

from a range of experiments including KLOE, BaBar, BELLE, VEPP and BES have

been combined in order to determine the HVP contribution [20, 21].

Figure 2.5: The Feynman diagram of the LO hadronic vacuum polarisation contri-

bution to aµ.

Unlike the HVP contribution, the hadronic LbL contribution cannot be determined

directly from experimental data and instead a mixture of experimental data, lattice

QCD calculations and somewhat ad-hoc models are utilised. Several groups have

made independent determinations and these are combined by a group comprising

of all those involved in the calculations. The present combination is embodied in

the so-called “Glasgow consensus” [41] and is in the process of being updated ready

for the release of the Fermilab muon g–2 measurement. A reduced uncertainty is

anticipated in this new combination largely due to recent advances in the lattice

QCD calculations. The LO hadronic LbL Feynman diagram is shown in Figure 2.6.

Overall the uncertainty on aSMµ is dominated by the HVP and LBL contributions,

with both contributing approximately 25×10−11 [41, 42, 40].

Figure 2.6: Feynman diagram showing the LO hadronic light-by-light process.
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The hadronic contributions to aSMµ are determined to be

aHV Pµ = 6933(25)×10−11, (2.10)

aHLbLµ = 980(26)×10−11. (2.11)

Where the HVP value is taken from the recent KNT analysis of the e+e− data [21]

and the LbL value is from the “Glasgow consensus”.

2.2.4 Value and uncertainty of aSMµ

The SM contributions can be summed together to give an overall determination of

the SM value of aSMµ and its uncertainty [21]. The individual contributions to aSMµ

are shown in Table 2.1.

Contribution Result (10−11)

QED 116584718.97 ± 0.07
HVP 6933 ± 25
HLbL 980 ± 26
EW 153.6 ± 1.0

Total SM 116591820.4 ± 35.6

Table 2.1: Table of all the contributions to aSMµ .

The SM value of aSMµ is determined to be

aSMµ = 116591820.4(35.6)×10−11. (2.12)

As mentioned previously the current best experimental measurement of aµ was de-

termined by the BNL E821 experiment in 2001 [43, 4] giving

aExp.µ = 116592091(54)(33)×10−11, (2.13)

where the value in the first bracket is the statistical uncertainty and the value in the

second bracket is the systematic uncertainty. The difference between the experimen-

tal and theoretically calculated aµ is
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aExp.µ − aSMµ = 270.6±72.6×10−11 (2.14)

corresponding to a 3.7σ difference. If instead the analysis of [20] is used to determine

aHVP
µ , the difference is reduced somewhat to 3.3σ. If this observed difference is not

a statistical fluctuation, it could indicate the presence of a BSM contribution to aµ.

To investigate this discrepancy a new experiment, the Fermilab E989 muon g–2

experiment has been designed to improve on the accuracy of the BNL experiment by

a factor of four. If the value of aµ is unchanged after this experiment, the expected

reduction in the aµ uncertainty would result in a ∼ 7σ deviation from the SM as

shown in Figure 2.7 [44]. Improvements in the lattice QCD calculations and new

e+e− datasets e.g. from BES-III are also expected to reduce the uncertainty in the

determination of aHad.
µ . The comparison of the measurement and the SM prediction

remain an important test of the SM and could potentially highlight the existence of

BSM physics.

Figure 2.7: A comparison of recent evaluations of aSMµ [21]. The BNL measurement

and the equivalent result with the expected improvements to the uncertainty are also

shown.
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2.3 Possible new physics contributions to aµ

A possible explanation for the discrepancy between the experimental measurement

and theoretical prediction of aµ is from BSM physics. It is known that the SM is an

incomplete theory. BSM refers to the theoretical models required to describe funda-

mental physical phenomena in nature which are currently unexplained. These include

neutrino masses, gravity, dark matter, strong-CP violation and matter-antimatter

asymmetry which are discussed briefly below.

• Neutrino masses: In the SM, neutrinos are massless particles. This has been

disproven through observations of neutrino oscillations which indicate that neu-

trinos do have a small mass. The addition of these mass terms however leads to

further theoretical issues, as it is not certain if the neutrino masses are created

by the same processes in which other fundamental particles attain mass.

• Gravity: The SM omits gravity and seems to have no impact on the subatomic

interactions that the SM describes. The SM is considered to be at odds with

general relativity and the inclusion of the graviton into the SM does not recreate

what is observed in nature.

• Dark matter: Due to cosmological observations, it has been shown that approx-

imately 25% of matter in the universe originates from the as yet unexplained

dark matter. The SM does not give any suitable candidate particles. As dark

matter is not observed directly, it is thought to scarcely interact with SM fields

and only interacts with gravity.

• Strong-CP problem: Seeks an explanation as to why Quantum Chromodynam-

ics (QCD) appears to conserve Charge-conjugation Parity (CP) symmetry. No

experiment has observed a violation of CP symmetry in a strong interaction

and there is as yet no known reason as to why it is conserved.

• Matter-antimatter asymmetry: Describes the imbalance in baryonic matter and

antimatter in the universe. The SM predicts that equal amounts of matter and

antimatter should have been created in the Big Bang. However the universe has

a disproportionate amount of matter compared to antimatter. The SM has no

explanation to explain the physical phenomena which caused this asymmetry.
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The size of the contribution to aµ from BSM interactions tends to decrease with

the mass scale of the BSM phenomena. Given the size of the discrepancy, most of

the BSM phenomena proposed to explain the discrepancy have mass scales in the

region of the electroweak scale and the measurement thus probes a similar energy

scale to the LHC experiments. Any BSM interaction contributing to aµ must be

CP and flavour conserving and flip the chirality of the muon. The interaction must

be CP conserving because the magnetic dipole moment is not flipped under a time

reversal transform, and so to conserve CPT it must be CP conserving. It is flavour

conserving because the Feynman diagrams have an incoming muon and an outgoing

muon. The interaction is chirality flipping because the muon is converted from a

left-handed muon into a right-handed muon. These interactions complement other

searches for new physics e.g. those explicitly searching for CP or flavour violations.

There are a variety of BSM models that could explain the anomaly. These include

supersymmetry (SUSY), additional electroweak bosons e.g. W′ or Z′ and extended-

Higgs models [26]. The Feynman diagram of a SUSY contribution to aµ is shown

in Figure 2.8 and the magnitude of aµ can be used to place constraints on the

parameters of a given SUSY model e.g. aµ has a dependence on tanβ [45, 46] as

shown below

|aSUSY
µ | ≈ (sgn µ)130× 10−11 tanβ

(
100 GeV

m̃

)2

. (2.15)

For a tanβ value of 50, the observed discrepancy can be explained with sleptons of

a mass (m̃) of ≈ 500GeV [44, 47].

Figure 2.8: Feynman diagrams of two SUSY interactions contributing to aµ. The

left diagram, shows the muon interaction with a chargino χ̃ and a sneutrino ν̃ and

the right diagram shows an interaction with a smuon µ̃ and a neutralino χ̃0.

The measurement at Fermilab will constrain the parameters of BSM models. More-
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over if BSM physics is discovered elsewhere the measured value of aµ will be critical

in elucidating the nature of the BSM interaction. As such, it remains one of the

most anticipated measurements in particle physics.
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Chapter 3

Experimental technique

3.1 Previous muon g–2 measurements

The first measurements of a non-zero aµ were conducted at CERN until the mid

1970s following on from the initial investigations of Lederman [30] at Columbia into

the parity violating nature of pion and muon decays. These and subsequent measure-

ments have exploited the fact that muons produced from pion decay are polarised

and that the direction of the highest energy positrons are aligned with the spin of

the muon such that the spin precession of the muon in a magnetic field can be mea-

sured by recording the rate at which positrons are detected in a fixed detector. This

rate has a sinusoidal dependence due to the precession of the muon spin (and hence

direction of the positrons) in a magnetic field.

The evolution in precision of muon g–2 experiments is shown in Figure 3.1 and these

experiments are described briefly below.

3.1.1 CERN-I (1958–1962)

The CERN-I experiment [31] located in the experimental hall of the CERN Synchro-

Cyclotron became the first experiment to determine a non-zero value of aµ. A 6m,

1.5T bending magnet produced a uniform field between two rectangular pole pieces

as shown in Figure 3.2. This enabled muons to undergo up to 2,000 turns within the

muon storage time period of 2µs–8µs. The muons were injected into the magnet

and directed towards an absorber material inside the magnetic field. The energy

loss in the absorber caused the muons to change direction and follow a helical orbit

17
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Figure 3.1: The precision achieved by aµ measurements for all previous experiments

and the target aµ precision for the current Fermilab experiment.

in the magnetic field. A transverse magnetic field gradient was applied to ensure

the muons did not hit the absorber material on subsequent turns and to guide the

muons horizontally from one side of the magnet to the other. At the opposite end of

the magnet, a large magnetic gradient was used to eject the muons from the magnet

and direct them at an absorber where they were stopped and decayed into positrons.

The spin directions of the incident muons were measured by recording the decay

positrons in forward and backward counters and the storage time was determined by

counters at either end of the magnet.

This experiment determined an aµ value of

aµ = 1162(5)×10−6. (3.1)

3.1.2 CERN-II (1962–1968)

By now it had been acknowledged that the best candidate for BSM physics searches

was a more precise measurement of aµ. To achieve this, an experiment was needed

that could store a larger number of muons for an increased amount of time in order to

observe more muon g–2 cycles compared to the CERN-I experiment. The new CERN
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Figure 3.2: The CERN-I experiment. A 6m bending magnet stores the muons. The

muons enter through a bending magnet (M) and a focussing quadrupole. The muons

are directed to a target (B), follow a helical orbit and drift towards the opposite end

of the magnet where they are ejected from the magnetic field. Here they are stopped

by an absorber and decay into positrons. The storage time of the muon in the

magnetic field was recorded by coincidences in counters 123 at the input, and at the

output with counters 466′ and 57′ [4].

proton synchrotron (PS) was ideal for this purpose as it could supply higher energy

muons (of order GeV) whose lifetime was relativistically dilated. This experiment

was the first to utilise a weak focusing magnetic field storage ring. 10.5GeV protons

were injected onto a pion production target situated inside a 5m diameter storage

ring. A diagram of the CERN-II [32] experiment is shown in Figure 3.3. The pions

subsequently decayed in flight to produce muons. The stored muons were mainly

from forward pion decays that had lost a small amount of energy and as such did

not strike the production target in further orbits of the ring. The stored muons

had a momentum of 1.28GeV/c and a gamma factor γ = 12 giving a relativistically

dilated lifetime of 27µs. These muons subsequently decayed to positrons which

curled inwards towards the detectors. This experiment improved the accuracy of aµ

by a factor of 15. Leading to an aµ value of

aµ = 1165922(9)×10−9. (3.2)



Chapter 3. Experimental technique 20

Figure 3.3: An illustration of the CERN-II experiment [4].

3.1.3 CERN-III (1969–1976)

The CERN-III experiment [33] utilised a new 14m diameter storage ring installed

in the CERN Super Proton Synchrotron (SPS) and was the blueprint for the BNL

and Fermilab experiments. The experiment is shown in Figure 3.4. This experiment

used electrostatic quadrupoles and not a graded magnetic field to vertically focus the

beam and introduced the concept of the muon “magic” momentum (see section 3.5).

The absence of a graded magnetic field enabled a more precise determination of the

magnetic field compared to the CERN-II experiment. The momentum of the beam

(3.094 GeV/c) was also higher than CERN-II allowing a longer measurement pe-

riod. The experiment also utilised pion injection rather than proton injection which

reduced the background and increased the beam intensity. These improvements led

to an uncertainty on aµ of 8 ppm and a value of

aµ = 116592300(800)×10−11. (3.3)
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Figure 3.4: An illustration of the CERN-III experiment [4].

3.1.4 The E821 experiment at the Brookhaven National Laboratory

(1984–2003)

The BNL E821 experiment [1] shown in Figure 3.5 carried out the most precise mea-

surement of aµ to date. The experiment used the Brookhaven Alternating Gradient

Synchrotron and the same methodology as the CERN-III experiment except muons

were injected into the storage ring and not pions. This reduced the backgrounds

from pion interactions enabling data to be recorded at earlier times than CERN-III

and a significantly larger data sample was accumulated. The magnetic field was

determined with a much better precision utilising 360 stationary NMR probes and

a novel trolley equipped with 17 NMR probes that could traverse the storage ring.

The experiment ultimately achieved an uncertainty on aµ of 540 ppb, giving a value

of

aµ = 116592082(54)×10−11. (3.4)
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Figure 3.5: The storage ring of the BNL E821 experiment [2].

3.2 The E989 Fermilab muon g–2 experiment

The E989 Fermilab muon g–2 experiment aims to measure aµ, to a world’s best

precision of 140 ppb [35]. This would be an improvement of almost a factor of four

compared to the E821 measurement.

The experiment applies the same measurement principle as the BNL E821 experiment

but with 21 times the data sample (1.5× 1011 e+) and a reduction in the systematic

uncertainty by a factor of 3 to ∼100 ppb. Table 3.1 outlines how the precision will

be improved compared to the E821 experiment.

Category E821 [ppb] E989 improvement E989 Goal [ppb]

Gain changes 120 Better laser calibration. Low
energy threshold 20

Pileup 80 Low energy samples recorded.
Calorimeter segmentation 40

Lost muons 90 Better collimation in ring 20

CBO 70
Higher n value (frequency).
Better match of beamline to
ring

< 30

E and pitch 50 Improved tracker. Precise
storage ring simulations 30

Total 180 Quadrature sum 70

Table 3.1: Table of the largest systematic uncertainties for the BNL E821 experiment

along with the improvements implemented in the Fermilab experiment.
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The gain changes systematic is used to correct any systematic hardware gain drifts

throughout for the calorimeter detectors. This is where the positron energies mea-

sured in the calorimeter crystals are gain corrected using in fill and out of fill laser

calibrations.

In fill gain: At beam injection, some muons are not stored and travel inwards towards

the calorimeters. This is called the flash, with the calorimeters close to the injection

region receiving the majority of these muons. The calorimeter electronics require

time to recover from this saturation of events. This saturation leads to the mismea-

surement of positron energies. To correct for this effect, photons of fixed energy are

fired at different times throughout the fill. This measures the calorimeters response

as a function of time in the fill. Figure 3.6 shows a plot of the typical response of a

calorimeter crystal with time. Initially the response drops down due to saturation

of the electronics, which then recovers over time. Thus for a particle detected at a

certain time, the calorimeter response is determined and a correction to it’s measured

energy can be applied. This is important as any uncorrected fluctuations in the gain

causes an effective change in the energy threshold throughout the fill. This would

modify the average measured phase of the detected positrons.

Figure 3.6: A plot showing a calorimeter crystal response to a fixed energy laser fired

at varying times during the fill, from which the gain values can be determined. [2].

Out of fill gain: These measurements are carried out by firing photons of fixed

energy between fills at each calorimeter crystal, looking for long term drifts in their

performance. The effects measured are largely temperature dependent, for instance
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an increase in the experimental hall temperature. This would cause the calorimeters

to experience higher levels of noise and thus measure positron energies less accurately.

These effects need to be accounted for. This is done by measuring changes in the

photon energy detected by the calorimeter. The difference between the measured

and known energy is used to determine gain corrections which are applied to events

throughout the fill.

The pileup systematic is used to correct events where two or more particles overlap

spatially and temporally in the calorimeter and are reconstructed into a single pulse

with the combined energy of all the particles. Unlike E821, E989 uses segmented

calorimeters. These are able to record a higher rate of statistics and measure lower

energy events. A calorimeter is also placed at the end of each tracking station,

enabling a cross check between the two detectors. This would typically be recognised

by a tracker measuring two or more particles in a certain time period, which when

extrapolated to the calorimeter, are all reconstructed as a single pulse.

The lost muon systematic is used to correct for muons which are not stored at the

magic radius and travel towards the detectors before they decay. At E821, due

to temperature changes, the average radial magnetic field would change by about

40 ppm every month, reducing storage of the muon beam. This meant every month

the average radial magnetic field had to be centered using shims to increase muon

storage. E989 possesses much better temperature control and precision shimming

and aims to reduce this change to < 10 ppm per month. Due to the upgraded kicker

system, it only takes E989 one cycle of the storage ring to move muons onto the

correct orbit position. This is compared to E821 which took many turns around the

storage ring. This means that full collimators can be used instead of half collimators,

leading to increased removal of muons at the outer edges of the beam distribution.

These collimators are also oval shaped rather than round to better match the muon

beam distribution. The better collimator control along with the reduced change in

the average radial magnetic field leads to lower beam distortions and therefore a

reduced number of lost muons after the scraping process.

The CBO systematic is caused by the mismatch of the muon beam injection into the

storage ring. This leads to Coherent Betatron Oscillations (CBO), where the average

position and width of the muon beam varies throughout the fill as it is focused and
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defocused around the storage ring. For the E821 2000 data run the fCBO was close to

the second harmonic of the ωa frequency. This meant that the difference frequency

fCBO – ωa was very close to ωa. This caused problems with its fitting and lead

to a systematic error. The 2001 data run sort to lower this error by changing the

field index which controls the vertical focusing achieved by the quadrupoles. E989

will further reduce this systematic error by changing the quadrupole voltage by an

additional 30%. The calorimeter’s vertical length is also a centimeter longer to

increase the detector acceptance to the muon beam position and width through a

reduced number of positrons missing the detectors.

The electric field (E-field) and pitch corrections modify the final value extracted for

ωa. Therefore errors originating from these corrections are by extension errors on the

ωa measurement. The E-field correction accounts for the fraction of stored muons

that do not possess the magic momentum. The storage ring momentum acceptance

is ±0.15%, which leads to a range of muon momenta around the magic momentum.

Thus a range of radii in which the muons circulate the storage ring. The trackers are

optimised to measure this muon beam distribution as a function of time. The pitch

correction accounts for the vertical angle in the precession plane. Vertical betatron

oscillations arise from the fraction of muons whose momenta are not perpendicular to

the magnetic field. This means that the muon’s spin direction and magnetic field are

not aligned, which reduces the rate of precession. Both corrections will be discussed

in further detail in Chapter 7. The addition of the tracking stations to E989 will

improve these uncertainties as the trackers are placed closer to the beam, so have

a higher acceptance. They are also able to turn on sooner in the fill and so can

measure the beam for a longer time.

3.3 Muon precession frequencies

The measurement of aµ utilises the fact that a charged particle with a non-zero

magnetic moment experiences a torque in an external magnetic field. This leads

to a precession of the particles spin vector about the magnetic field direction at a

frequency, ωs:
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ωs = g
eB

2m
+ (1− γ)

eB

γm
, (3.5)

where γ is the Lorentz factor.

The particle’s momentum also changes as it rotates around the storage ring, at the

cyclotron frequency, ωc:

ωc =
eB

γm
. (3.6)

The difference in these frequencies is called the anomalous spin precession frequency

and is denoted by ωa:

ωa = g
eB

2m
+ (1− γ)

eB

γm
− eB

γm
=

(
g

2
− 1

)
eB

m
=

e

m
aµB. (3.7)

From which it can be seen that aµ is thus determined from a measurement of ωa and

the magnetic field B. ωa itself can be determined by exploiting the maximal parity

violation inherent in muon decay.

3.4 Pion and muon decay

Muons are produced from the parity-violating weak decays of pions. The dominant

pion and muon decay Feynman diagrams are shown in Figure 3.7. The dominant

decay of the pion is given by

π+ → µ+νµ (3.8)

and is illustrated in Figure 3.8.

The chiral nature of the weak interaction means that only left-chiral particles or

right-chiral antiparticles participate in weak interactions. The pion is a scalar and

when it decays at rest, the chiral restrictions and the need to conserve momentum

and angular momentum (spin) lead to the µ+ spin being in the opposite direction

to its momentum. The muons from pion decay are thus 100% polarised and this is

exploited in the aµ measurement.

The dominant decay of the muon is also a parity-violating weak interaction:
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Figure 3.7: Feynman diagrams of the dominant decays of the pion and muon.

Figure 3.8: A diagram of the parity violating pion decay.

µ+ → e+ν̄µνe. (3.9)

In muon decay, the positrons have a maximum allowed energy in the muon reference

frame (MRF) of Emax =
mµc2

2 = 53MeV. In these decays, the muon anti-neutrino

will be in a right-handed chiral state and the electron neutrino in a left-handed chiral

state as shown in Figure 3.9. In the decays emitting the highest energy positrons i.e.

those where the positron is in the opposite direction to both neutrinos, the positron’s

spin vector must be aligned with the muon’s spin vector.

Figure 3.9: A diagram of the parity violating muon decay.
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This gives a means to determine the direction of the muon’s spin and this is the

basis of the ωa determination. As the muon spin vector precesses, the number of

the highest energy positrons emitted is at a maximum when the direction is aligned

with the muon spin and a minimum when it is anti-aligned, as shown in Figure 3.10.

The number of the highest energy positrons is thus modulated by a cos(ωat) term,

shown in equation 3.10. Experimentally one measures the positrons above a certain

energy threshold (E) and in this case, the number of measured positrons varies with

time as:

Figure 3.10: A plot of the component of the e+ momentum along the µ+ polarisation

vector (ε) for several energy cuts in the muon rest frame. This displays that at higher

energies more positrons have their momenta aligned with their polarisation vector.

The asymmetry distribution is calculated by taking away the number of events below

zero from the number of events above zero and dividing by the total number of events.

The results show that the asymmetry increases as the energy cut is increased [36].

N(t) = N0(E)e(−t/γτµ)[1 +A(E) cos(ωat+ φ)], (3.10)

where N0(E) is a normalisation factor, τµ the muon rest frame lifetime, and A(E),

the so-called asymmetry distribution, is given by:
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A(y) =
q

e

2y − 1

3− 2y
, (3.11)

where y = E
Emax

. A is a maximum when y = 1 (highest energy e+) and a minimum at

y = 0. A fit to N(t) using Equation 3.10 can thus in principle be used to determine

ωa. However in practice there a number of other effects that modulate N(t) e.g.

the acceptance of the detectors as a function of the decay position, the fact that the

number of muons decreases by means other than decaying e.g. a muon’s orbit around

the storage ring is altered by the focussing E-field and variances in the B-field and

muons exit the storage ring before decaying. The uncertainty in the determination

of ωa is determined by both 1√
N

and 1√
A2

, where A is energy dependent. Therefore

to minimise the uncertainty, NA2 must be maximised. The lowest uncertainty, after

accounting for the energy resolution of the detectors and their acceptance, is found

to be at an energy cut of 1.9GeV as illustrated in Figure 3.11.

Figure 3.11: A plot of the number distribution (N), the asymmetry function (A) and

the statistical figure-of-merit (NA2) as a function of positron energy with detector

acceptance and energy resolution included [2].

The number of positrons recorded as a function of time with energy greater than

1.9GeV by the calorimeters of the BNL E821 experiment is shown in Figure 3.12.

This illustrates the characteristic cos(ωat) oscillation and muon exponential decay.
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Figure 3.12: Distribution of the decay positrons as a function of time with energy

above 1.9GeV for the BNL 2001 dataset. A total of 3.6× 109 positrons were used in

the fit to determine a value of ωa [2].

3.5 The magic momentum and the E-field effect on ωa

Equation 3.7 is for the simple case where the muon is in a uniform B-field. In

reality, variances in the B-field and the muons momentum mean that the muon

beam diverges vertically and would be quickly lost before a measurement can be made

without the application of vertical focussing. The vertical focussing is achieved using

electrostatic quadrupoles and this E-field adds an additional term to Equation 3.7:

ωa =
e

m

[
aµB −

(
aµ −

1

γ2−1

) ~β × ~E

c

]
, (3.12)

arising from the fact that a relativistic particle travelling through an electric field

will see a motional magnetic field. It is impossible to measure the E-field to the sub

ppm precision required by the aµ measurement but if γ is 29.3, this second term van-

ishes and has no contribution to ωa. Fortunately this corresponds to a momentum,

3.094GeV/c, readily achievable in a particle accelerator and this momentum has be-

come known as the magic momentum and has been used in the CERN-III, BNL and

Fermilab experiments. In reality the muon’s have a small variance in momentum

around the magic momentum and so there is a small O(200) ppb contribution to ωa
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from this source and a correction is applied to the measured ωa to account for it:

this is commonly known as the “E-field correction”.

A further ~β · ~B term is required in Equation 3.12 to account for the fact that the

muon’s momentum is not completely orthogonal to the B-field:

ωa =
e

m

[
aµB −

(
aµ −

1

γ2−1

) ~β× ~E
c
− aµ

(
γ

γ + 1

)
(~β · ~B)β

]
. (3.13)

The B-field is not perfectly vertical and the muon’s momentum is not entirely con-

strained in the horizontal plane i.e. the beam has a small vertical momentum and

the muons undergo vertical betatron oscillations. A O(200) ppb correction must be

applied to the measured ωa to correct for this: this is commonly known as the “pitch

correction” and this is discussed in detail in chapter 7 since it is determined by

measurements of the vertical beam motion by the straw tracking detectors.

3.6 Determining ωp

The magnetic field, B, is determined by a measurement of the free proton Larmor

precession frequency, ωp, using NMR which is related to B via:

ωp = 2µpB, (3.14)

where µp is the proton magnetic moment. This is achieved using three separate

systems. A trolley is equipped with 17 NMR probes and traverses the storage ring

every 2–3 days, when muons are not circulating, to measure the field in the region

that the muons are stored. 378 fixed NMR probes are mounted at the top and bottom

of the storage ring vacuum chambers and measure the field continually. Finally a

third set of so-called “plunging probes” are used to make measurements at both the

trolley location and the fixed probe location to allow an interpolation between the

continual fixed probe readings and the intermittent trolley measurements. The straw

tracking detectors measure the beam profile and this is convoluted with the magnetic

field map to determine the magnetic field experienced by the stored muons.
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3.7 aµ calculation

Combing Equation 3.7 relating ωa to aµ and Equation 3.14 relating ωp to B yields:

aµ =
2mµµp
e

ωa
ωp
. (3.15)

Equation 3.15 can be written in terms of ratios of quantities that are extremely

precisely determined. Using

µe =
gee

4me
, (3.16)

one obtains:

aµ =
ge
2

mµ

me

µp
µe

ωa
ωp
. (3.17)

ge i.e. ae has been measured to 0.3 ppt accuracy [11] and the ratios mµ
me

and µp
µe

have

both been determined from the E1054 LAMPFmeasurement of the muonium Zeeman

ground state hyperfine transitions to a precision of 22 ppb and 3 ppb respectively [48,

49] and this precision will be improved further by the J-PARC MuSEUM experiment.

It is evident that the dominant uncertainty in aµ arises from the measurements of

ωa and ωp.
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The Fermilab Muon g-2

experiment

4.1 The Fermilab Muon g-2 experiment

In this chapter a description of the muon beam preparation and its delivery into the

storage ring will be given alongside a description of the major components of the g–2

experiment. The tracking detectors will be discussed briefly here and described in

detail in chapter 5.

4.2 Production and preparation of the muon beam

The accelerator complex at Fermilab was reconfigured in 2011–2016 to produce a high

quality muon beam in addition to the neutrino beams for the short and long baseline

neutrino experiments. The relevant parts of the complex are shown in Figure 4.1.

The process of creating muon bunches starts with the booster. This increases the

energy of 400MeV protons from the linac into bunches of 8GeV protons. Within the

booster, for each 1.33 s cycle of the accelerator, four bunches of 8 GeV protons are

produced. These are then injected into the Recycler ring through the Main Injector

(MI) line. Here each bunch is further divided into four. These sub-bunches contain ∼

1012 protons and must have a temporal length shorter than the cyclotron frequency

of 149 ns. The compacted sub-bunches are concentrated at the beginning of the MI

cycle and separated by 10ms, meaning only one bunch of muons is injected into

33
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the storage ring and measured by the detectors at a time, which allows sufficient

time for the g–2 experiment data acquisition system to process the data between the

injection of successive bunches, known as muon fills or spills. The average fill rate is

approximately 12Hz. Figure 4.2 shows the structure of the proton beam pulses [50].

Figure 4.1: The components of the Fermilab accelerator complex producing the muon

bunches for the g–2 experiment [2].

Figure 4.2: Time structure of the proton bunches used by the g–2 experiment [2].

The bunches are then directed separately through the P1, P2 and M1 lines and

directed at the Target station which is located in the AP0 hall. Each bunch of

8GeV protons are fired separately at the pion production target, with the beam

parameters at this position shown in Table 4.1. The positively charged particles

produced are momentum selected to 3.11 ± 0.3GeV/c using a pulsed dipole magnet

and collimator system. The beam is then directed through the M1 and M2 lines

which select muons produced from the pion decays with a momentum of 3.094 ± 0.3

GeV/c. Particles that are not momentum selected will continue forward and are

absorbed by a beam dump [51]. Table 4.2 shows the number of secondary particles
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remaining after momentum selection.

Table 4.1: Beam parameters at the Target station [2].

Table 4.2: A table showing the expected properties of the primary proton beam, the

secondary beam created by the target and the muon beam from pion decay. [2].

The remaining muons are directed into the delivery ring along with any remaining

protons and pions. The beam circulates around the delivery ring four times, by

which time all of the pions will have decayed. Any remaining protons are removed

by a kicker since they travel slower than the muons and become separated from the

muon bunch. This produces a very pure, polarised muon beam. The beam is then

guided into the M4/M5 beamline to the MC1 experimental hall. Here final focusing

is provided by magnetic quadrupoles before the muon beam enters the storage ring

through the inflector [2].

4.3 Injection into the storage ring

The polarised muon beam is injected into the storage ring as shown in Figure 4.3.

To do this it must pass through the storage ring magnetic field. However doing

this would deflect the path of the muons, causing them to exit the storage ring.

To counteract this effect, the inflector which is a 1.7m superconducting magnet is
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Figure 4.3: Diagram of the storage ring and its main components. The kicker posi-

tions indicated by a "K", the collimators with a "C", the quadrupole positions with

a "Q",the tracking stations placed at 180◦ and 270◦ and the 24 calorimeter locations

around the ring [26].

placed at the point of injection to create an almost magnetic-field-free region. The

inflector makes a 1.45T uniform vertical field which acts to cancel out the magnetic

field in the injection channel and allows the muon beam to pass into the storage ring

unperturbed. The inflector was constructed such that its own magnetic field does

not affect the magnetic field in the region where the muons ultimately circulate.

Muons are delivered into the storage ring in 120 ns pulses at an average rate of 12Hz.

Each muon bunch forms one fill of approximately 5,000 muons. The beam line leading

to the inflector is positioned at a 1.25◦ angle from the tangential direction to allow

the beam to enter the inflector almost parallel to it. A layout of this is shown in

Figure 4.4. The position at which the beam enters the storage ring through the

inflector is at a circumference 77 mm radially larger than the equilibrium radius for
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Figure 4.4: Diagram of the beam entering the storage ring [26].

the magic momentum of 3.094GeV/c.

To direct the muon bunches onto the ideal, equilibrium radius, a device called the

kicker system is used. The kicker system comprises three independent 1.27m long

plate magnets. This system is placed at approximately 90◦ around the ring after

the injection point, at the position where the muons orbit intersects with the ideal

radius. The kicker provides 0.03T pulses to centre the beam. These pulses last

the entire bunch width of 120 ns to create a 10.8mrad angular kick that directs the

muons onto the ideal orbit. To avoid a second kick perturbing the orbit, the kicker

pulse must return to zero before the bunch returns to the same position a cyclotron

period later.

The kicker device resides within the precision magnetic field. Consequently the

kicker cannot consist of any magnetic materials which would subsequently perturb

the magnetic field. The kicker does not direct all muons exactly onto the ideal radius

as there is a small momentum spread in the muon beam which results in a variance

in the beam distribution.

Electrostatic quadrupoles are used to vertically focus the beam. Four electrostatic

quadrupoles are placed symmetrically around the ring to produce four separate re-

gions of focusing. In an ideal situation the electrostatic quadrupoles would be placed

throughout the whole ring circumference but space occupied by the inflector, kickers
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and tracking detectors means that only 43% of the ring circumference is equipped

with quadrupoles.

Electrostatic quadrupoles were chosen for vertical focusing rather than magnetic

quadrupoles in order to not perturb the storage ring magnetic field. The quadrupole

field acts to focus the beam vertically while defocussing the stored beam radially.

However the combined effect of the electric field and the vertical storage ring magnetic

field provides radial focusing. This leads the storage ring to behave as a weak focusing

betatron.

There are collimators placed around the storage ring. These are copper rings with

an inner radius of 45mm which are used to remove muons which lie outside the

9 cm diameter muon storage region. The collimators are rotated away during the

periods when the NMR trolley is measuring the magnetic field in the storage region.

After injection, the electrostatic quadrupole plates are charged asymmetrically which

moves the beam horizontally and vertically to direct the muons outside of the core

distribution towards the collimators where they lose energy and are lost after several

orbits. This process is called scraping. It begins at 8µs after beam injection and

continues for 5µs. Once scraping is completed, the quadrupole plates are charged

symmetrically to enable the vertical focussing. The removal of the muons lying at

the extremities results in a reduction in the momentum spread of the stored beam

to 0.15% (5MeV/c).

Once the muon beam has been successfully stored, its beam motion exhibits several

measurable frequencies. These frequencies are introduced below and will be dis-

cussed in more depth in Chapter 7. Table 4.3 displays the parameter values of these

frequencies from a subset of Run-1 data corresponding to a quadrupole voltage of

18.3 kV. The observed frequencies are:

• The muon g–2 precession frequency: Is the frequency at which the muon spin

vector precesses relative to the momentum vector.

• The cyclotron frequency: Is time it takes for a muon to travel once around the

storage ring.

• Horizontal and vertical betatron oscillations: The electrostatic quadrupoles

provide a linear restoring force in the vertical direction. The combination of the
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storage ring vertical magnetic field and the radial electric fields causes a linear

restoring force in the radial direction. These forces cause the muons to un-

dergo simple harmonic motion (SHM) in the horizontal and vertical directions,

causing them to oscillate periodically about their stored orbits horizontally and

vertically.

• Coherent betatron oscillations (CBO): This frequency is the beat frequency

between the cyclotron frequency and the horizontal betatron frequency.

• Vertical waist frequency: The oscillation of the vertical width of the muon

beam.

Table 4.3: A table of frequencies observed in the g–2 experiment due to beam motion

from a subset of Run 1 corresponding to a quadrupole voltage of 18.3 kV [52].

4.4 Muon decay in the storage ring

For a muon traversing the storage ring at the magic momentum, its time dilated

lifetime increases from a rest lifetime of 2.2µs to 64µs. This means the muons

circulate the storage ring many times before their decay and the lifetime is long

enough for the observation of multiple periods of ωa which has a time period of

4.4µs.

The decay positrons are Lorentz boosted and are emitted predominantly along the

muon momentum direction. The high energy decay positrons observed by the detec-

tors are emitted within 2% of the muon’s momentum direction. During muon decay,

energy is lost to neutrinos and thus the decay positron has a lower momentum than

the muon. Therefore the positron has a more curved trajectory in the magnetic field
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at a smaller radius compared to the muon. Hence the positron’s path will be inwards

towards the centre of the storage ring, where the detectors are located to measure

them. Data is recorded in the detectors for approximately 650µs, by which time the

majority of muons will have decayed.

4.5 The magnetic storage ring

Figure 4.5: Photograph of the muon g–2 storage ring which reuses the BNL 1.45T

storage ring [2].

The determination of aµ requires a precise measurement of the magnetic field convo-

luted with the muon beam distribution, along with a precise measurement of ωa. The

goal of the Fermilab E989 experiment is to determine the magnetic field averaged over

time in the beam storage region to an uncertainty of ±70 ppb, an improvement from

the 170 ppb at BNL [2]. The experiment reuses the magnetic storage ring originally

designed and constructed for the BNL muon g–2 experiment, as seen in Figure 4.5.

The 15m diameter superconducting coils required specialist transportation and were

shipped from BNL to Fermilab in one piece. Other components including the pole

pieces and steel yoke were separated and transported individually to be reassembled

at Fermilab [2]. A photograph of the muon g–2 magnet is shown in Figure 4.6.
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Figure 4.6: The cross section of the storage ring, showing the location of the muon

storage region and the fixed NMR probes. It also shows the superconducting magnet

components including the yoke, coils and pole pieces [53].

The iron dipole magnet is designed to produce a vertical uniform field of 1.45T, with

a uniformity of 1 ppm when averaged over the full azimuth of the storage ring. The

magnet’s yoke is constructed from a dozen 30◦ sections of iron. Each section contains

an upper and lower yoke which are separated by a spacer plate. The storage ring

is approximately 3m tall, 15m in diameter, weighs over 700 tons and has an ideal

muon storage radius of 7.112m.

The 5176A current for the dipole magnet is carried by three superconducting niobium-

titanium (NbTi) coils placed above and below the storage region [53]. Iron pole pieces

are placed in between the superconducting coils to create the uniform dipole field. A

cryogenic system is used to cool the superconducting coils to the required tempera-

ture. The inner superconducting coils sit at a radius of 6677mm and the outer coils

are at 7512mm. The current in the outer coil is twice the current in the inner coils

to maintain a constant field. The current to the inner and outer coils is supplied in
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opposite directions to produce the vertical magnetic field in the region between them.

The iron yoke is designed as a C-shape structure located at the top and bottom of

the storage ring and on the outer radius.

The uniformity of the magnetic field has been greatly improved compared with the

BNL experiment due to improvements in the “shimming”. Shimming is the process

by which the magnetic field is made more homogeneous. Over 1,000 steel shims

are introduced at several different positions to provide localised fine adjustments to

improve the magnetic field uniformity [54].

Two types of shimming are used: passive and active. Passive shimming is achieved

through the 1,000 fixed steel shims while active shimming uses current-carrying coils

on the surface of the pole pieces. The currents in the so-called surface correction

coils can be adjusted to improve the field homogeneity [55, 43].

4.6 Magnetic field measurement detectors

Precision measurements of the magnetic field to the required precision are carried

out using pulsed proton NMR (pNMR) probes containing petroleum jelly or water.

A π
2 RF pulse is used to rotate the proton spin and the resulting free induction decay

(FID) is detected by a pick-up coil from which the magnetic field can be determined.

The fixed probe system is designed to continuously measure the field during data

taking. It comprises 378 NMR probes placed at 72 positions above and below the

beam storage region volume throughout the storage ring. The field mapping trolley

contains 17 cylindrical probes placed on its front face and arranged in concentric

circles. This is shown in Figure 4.7. Every 2–3 days during data taking periods the

beam is stopped for a few hours to allow the trolley to map the field in the storage

region. A bar code reader on the trolley scans bar codes on the walls of the vacuum

chamber to accurately determine the trolley’s position while it is mapping the field.

The magnetic field measurement is determined in terms of the free proton Larmor

precession frequency ωp. However, the protons in the pNMR probes are in hydro-

carbon or water molecules and co-located with other materials and as such are not

free protons. This means that the proton experiences a perturbed magnetic field.

An absolute calibration is required to make corrections for these perturbations. This
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Figure 4.7: On the left a photograph of the trolley used to measure the magnetic

field in the muon storage region. On the right the layout of the 17 NMR probes in

the trolley face [2].

correlates the measured magnetic field with the Larmor precession frequency of a free

proton and must be done for each trolley probe at every location it measures. This is

carried out using two NMR probes; the absolute calibration probe and the plunging

probe. The absolute calibration probe measures the field at the same position as

the central trolley probe. This can then be cross calibrated with the plunging probe

which also measures the field in the muon storage region [2].

4.7 Detector systems

4.7.1 Calorimeters

The primary physics goal of the calorimeter is to measure the energy and time of the

positrons from the muon decays so that ωa can be determined. After a muon decays,

the positron has insufficient energy to continue its trajectory around the ideal radius

and it curls inwards and is incident on a calorimeter.

The experiment’s calorimeter system contains 24 calorimeter stations equally spaced

on the inside radius of the magnetic storage ring [2]. Each of these calorimeters is

made up of 54 Lead Fluoride (PbF2) crystals distributed in an array of 6 crystals

high and 9 crystals wide. A photograph of the calorimeter crystals being installed

is shown in Figure 4.8. PbF2 crystals were selected due to their fast Cerenkov light

signal and good energy resolution. Each crystal is 255mm wide, 25mm tall and

140mm deep [56].

Decay positrons produce particle showers in the crystals and Cerenkov light passes
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Figure 4.8: Photograph of calorimeter crystals being installed [56].

downstream through the crystal and is detected and readout at the edge of the crys-

tal by a silicon photo multiplier (SiPM). Each crystal is separately wrapped in highly

reflective Millipore paper to prevent Cerenkov light passing into neighbouring crys-

tals. SiPM detectors act as pixelated proportional counters and quenching resistors

suppress the avalanche such that the pixels can operate at rates of O(10MHz). The

calorimeter is required to:

• Have an energy resolution of better than 5% for positron energies greater than

2GeV.

• A time resolution of less than 100 ps for a given SiPM pixel.

• A 100% efficiency for temporally resolving two showers with a separation of

greater than 5 ns and the ability to resolve 66% of showers separated by less

than 5 ns [2].

A laser calibration system is used to monitor and calibrate the gain variation of

each crystal and SiPM [57, 58]. To do this, laser pulses are continually fired to each

calorimeter during and between muon fills. This enables the monitoring of both

short-term and long-term gain changes e.g. due to temperature variations.
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4.7.2 Fiber beam monitors

The fiber beam monitors are constructed from scintillating fibers. These detectors

provide a destructive measurement of the stored muon beam distribution and are

utilised in dedicated systematic study runs. They can be pneumatically inserted

into and retracted from the storage region when required.

Figure 4.9: Photograph of a fiber beam monitor in the muon beam storage region [2].

Each fiber beam monitor contains seven scintillating fibers which are 90mm long,

0.5mm in diameter and separated by 13mm to create a harp like structure. There

are four fiber monitors: two placed at 180◦ and two at 270◦. At both locations,

one detector is orientated so that its fibers are vertical and the other horizontal

to measure both the radial and vertical beam profiles. A photograph of a fiber

beam monitor is shown in Figure 4.9. The detectors can also be rotated horizontally

enabling a cross calibration of the fibers [59].

4.7.3 Straw tracking detectors

The straw tracking detectors are designed to make non-destructive measurements of

the stored muon beam profile throughout the duration of each muon fill by measuring

the decay positrons. Two tracking stations are placed at 180◦ and 270◦ around the

inside of the ring, each directly upstream of a calorimeter. At these locations around
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the ring, when a decay positron travels inwards to the centre of the storage ring it

can pass through straw tracker modules. The positrons pass through the individual

straws ionising the gas and creating a pulse, then travel onward to be detected by

a calorimeter. Trajectories of the positron’s path can then be made by fitting the

individual straw hits and this can be extrapolated back to the point of the muon

decay. From this the muon beam profile can be constructed. A detailed description

of the straw trackers will be given in chapter 5.

4.7.4 Inflector beam monitoring system

The inflector beam monitoring system (IBMS) is used to determine the muon beam

distribution at the point of injection into the storage ring. It continuously measures

the time the beam enters the storage ring, the intensity of the beam and its xy

profile. Examples of which are shown in Figures 4.10 and 4.11. This information

is used to optimise the injection beam optics and thus to maximise the number of

muons circulating the storage ring.

The IBMS comprises two detectors positioned upstream of the storage ring: one

upstream of the inflector and one downstream. These detectors are made from

scintillating fibers which are readout by SiPMs [2, 60].

There is also a scintillator detector called the T0-counter. This is placed at the

entrance to the storage ring to record the injection time of a fill (t0). The T0-

counter shares the same clock as the other detectors and is used to set the injection

time for all of the detectors: t = 0 is defined as the time the T0-counter records the

first pulse in a fill. An example of a waveform recorded by the T0-counter is shown

in Figure 4.12.
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Figure 4.10: An online monitoring plot of the x profile of the beam

seen by an IBMS detector.

Figure 4.11: An online monitoring plot of the y profile of the beam

seen by an IBMS detector. This gives us information about the

beam entering the storage ring. By comparing the x and y profiles

of the beam that last entered the storage ring to the average of the

last 64, the variation in the beam is observed. This sort of variation

is acceptable as only 2% of the beam ends up being stored.
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Figure 4.12: An online monitoring plot displaying a T0 waveform. The orange line

shows the average of the last 4 fills and the blue line shows the waveform from

the previous fill. A clock tick is 1.25 ns. This shows a single pulse compared to

the average and there are 16 distinct but similar shapes that are seen due to the

structure of the beam.
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Straw tracking detectors

The rest of this thesis will concentrate on the straw tracking detectors. This chapter

will discuss the physics goals, design and operating principles of the straw tracking

detectors. Chapter 6 will describe the construction and testing procedures of the

straw tracking detectors, built at the University of Liverpool, which formed a major

part of the first two and a half years of my PhD. Chapter 7 will discuss a detailed

study of the vertical motion of the beam using the straw tracking detector data.

This study was used to provide an important correction applied to the data before

aµ can be determined.

5.1 Tracker goals and requirements

The primary function of the straw tracking detectors is to measure the trajectory of

the positrons originating from the decay of the muons circulating in the storage ring.

This is used to determine the point of decay and thus to build up a profile of the

muon beam as a function of time. The beam’s profile as a function of time is required

to determine the O(200 ppb) corrections arising from the variance in the beam’s

momentum (E-field correction) and the momentum not being entirely orthogonal to

the magnetic field (pitch correction). The latter correction, determined by data from

the straw trackers, is discussed in detail in chapter 7. The beam distribution must be

known precisely since the muon distribution has to be convoluted with the magnetic

field map in order to determine the field experienced by the muons measured in the

determination of ωa. The magnetic dipole field is not uniform due to higher order

49
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multipole terms arising from imperfections in the shimming.

The secondary purpose of the straw trackers is to determine and minimise the sys-

tematic uncertainties on the determination of ωa from the calorimeter data. Tracks

in the straw tracking detectors can be matched to energy clusters in the calorime-

ter. The momentum of a track can be compared to the energy of isolated clusters

to provide an independent cross check of the calorimeter’s energy calibration. Mul-

tiple tracks extrapolated to the same calorimeter cluster can be used to identify

"pileup" events, whereby two positrons overlapping spatially and temporally are re-

constructed in the calorimeter as a single positron. This biases the determination

of ωa since two lower energy positrons are then identified as a single higher energy

positron. The correlation of the positron’s energy with the muon’s spin direction de-

pends on the positron’s energy and hence an erroneous determination of the energy

though "pileup" systematically shifts the value of ωa. A reliable determination of

the pileup is vital in order to provide an energy-dependent correction to the number

of measured positrons before the number of positrons is fitted as a function of time

to determine ωa. A comparison of track momentum (p) to the energy (E) of the

calorimeter cluster can also be used to identify muons that leave the storage ring be-

fore they decay: so-called "lost muons". Muons, as minimum ionising particles, are

characterised by a low value of E/p. These muons are ones that have, over repeated

revolutions of the storage ring, lost sufficient momentum e.g. by moving through the

quadrupoles, to no longer be constrained within the storage ring and then leave the

storage ring and pass through several calorimeters. E/pmeasurements can be used to

identify the rate of the lost muons and to cross-check the determination of their rate

from the multiple-calorimeter signature and the determination from simulation [64].

Table 5.1 lists the goals for the systematic uncertainties measured using the tracking

detectors.

5.2 Design

The straw tracking stations consist of 8 identical tracking modules which are placed

in close proximity to each other. There are two tracking stations situated at 180◦

(station 1) and 270◦ (station 2) around the storage ring. These are installed inside
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Uncertainty E821 value E989 goal Role of tracking

Magnetic field seen by muons 0.03 ppm 0.01 ppm
Measure beam pro-
file on a fill by fill ba-
sis

Pitch correction 0.05 ppm 0.03 ppm

Measure beam oscil-
lation parameters as
a function of time in
the fill

Pileup correction 0.08 ppm 0.04 ppm

Isolate time windows
with more than one
positron hitting the
calorimeter to ver-
ify calorimeter based
pileup correction

Calorimeter gain stability 0.12 ppm 0.02 ppm Cross check laser E
calibration with E/p

Precession plane tilt 4.4 µRad 0.4 µRad
Measure up-down
asymmetry in
positron decay angle

Table 5.1: Systematic uncertainty goals for the Fermilab muon g–2 experiment and

the role of tracking required to meet these aims [2].

the vacuum chambers in order to minimise the multiple scattering of particles prior to

the trackers and are placed directly in front of a calorimeter. Each tracking module is

constructed from two aluminium manifolds (top and bottom manifolds) fixed in place

by an aluminium flange. These are both shown in Figures 5.1 and 5.2 respectively.

The manifolds contain 128 identically drilled holes to hold in place 128 aluminised

Mylar straws. The manifolds also contain the frontend readout electronics, high-

voltage (HV) distribution boards and enable the supply of gas to the straws. The

straws are arranged in the manifolds in four rows of 32 straws. Two adjoining rows

of straws are called the V layers which are at an angle of +7.5◦ with respect to the

vertical plane. The other two adjoining rows are called the U layers and are at an

angle of −7.5◦ with respect to the vertical plane. This stereo-angle of the straw

layers enables the vertical height of the incoming positron tracks to be calculated.

An aluminium tube called a snout connects to each manifold. The snouts house the

flexi cables and feedthrough boards which connects to the secondary electronics in

the Frontend Low voltage Optical Box to BackEnd Readout (FLOBBER). Once the

manifolds have been populated with the frontend electronics, they are sealed with a
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lid and a greased o-ring to form the vacuum seal. A picture of a completed tracking

module is shown in Figure 5.3. The trackers are required to measure the vertical

and radial beam distributions to a high accuracy. To achieve this a resolution of

approximately 100µm per position measurement in the radial direction is required.

The requirements on the vertical axis are far less stringent as there is no curvature

of the tracks in the vertical direction.

Figure 5.1: Photograph of two aluminium manifolds used in the construction of a

straw tracking module.

Figure 5.2: Photograph of a flange used in the construction of a straw tracking

module.

Circular straws, able to withstand a small differential pressure in vacuum despite

their small wall thickness, are used in each module. The Mylar straws are 90.6mm

in length and 5mm in diameter. The straws are made up of two layers of 6µm

Mylar wound in a spiral with a 3µm layer of adhesive glue between them. The inner

wall of the straw acts as a cathode layer and is coated with 500 Å of aluminium

overlaid with 200 Å of gold. The outer layer has 500 Å of aluminium which provides

additional electrostatic shielding and also helps to reduce the leakage of gas from
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the straws [2]. The modules are made purely of non-magnetic materials. This is to

ensure that the precise magnetic field is not distorted by the tracking modules.

Carbon 
fibre post

Manifold lid Top manifold

Bottom manifoldMylar straws

Vacuum flange Gas inlet

Gas outlet

Snout

Feedthrough board

Figure 5.3: A photograph of a straw tracking detector labelling its key components.

At the centre of each straw is a 25µm gold-plated tungsten wire. These are secured

in place at each end by gold-plated copper pins. There are two different lengths

of pins. The long pins at one end are used as the electrical connection with the

manifold electronics. The short pins on the opposite end do not connect to the man-

ifold electronics and have insulating end caps placed over them to prevent electrical

discharges.

5.3 Operating principles

The straws in the tracking detectors behave as individual drift chambers. When

positrons travel through the straw they interact with the gas molecules distributed

within the straw. This interaction ionises the gas molecules causing the emission of

one or more electrons. This occurs at random as the positron passes through the

straw. The interaction of the positron and the molecule is called a primary ionisation.

The group of electrons that are ejected from this interaction are called a cluster,

with the individual electrons called primary electrons. Further ionisations through

interactions of the gas with the primary electrons produces secondary electrons [61].

The gas in the straw tubes is a 50:50 argon–ethane mixture. This gas mixture is



Chapter 5. Straw tracking detectors 54

flowed through gas inlets in the snouts of the module at a rate of approximately 0.1

litres per minute (LPM), which in turn flows through the straws of the manifold.

Argon is ionised to produce the primary electrons and was selected because it is a

noble gas with fewer excitation modes compared to a molecule. Ethane acts as a

quencher gas: it has many excitation modes that are used to absorb the photons

produced during the secondary ionisations which if not absorbed would cause an

electrical breakdown in the gas [62, 63].

Located at the centre of the straw is the sense wire. This is held at a high voltage

(HV) of 1650V and acts as an anode while the straw wall, which is grounded to the

manifold, acts as a cathode. This leads to a strong electric field in the straw tube

which is directed radially out from the wire. In the presence of the electric field

between the sense wire and the straw wall the interacting particles will experience

a radial force. This causes the liberated electrons to travel towards the sense wire

and the gas ions to travel towards the straw wall. As the electrons travel towards

the sense wire they will undergo further interactions with gas molecules producing

further ionisations, which will slow down their progress towards the sense wire. The

overall motion of the electrons is known as drift. The drift velocity in the straw is

approximately 50µm/ns. Due to the presence of a strong vertical magnetic field

felt in the straws an orthogonal force is put onto the travelling electrons. This leads

to them travelling in a curved path with the angle of this curvature known as the

Lorentz angle.

The current signal induced on the sense wire by the travelling electrons is very small.

However as the electrons travel very close to the sense wire, the electric field is strong

enough to accelerate them. This leads to further interactions between the electrons

and gas molecules in a short time, causing an increase in the number of liberated

electrons. These will go onto ionise further gas molecules leading to an effect called

avalanche multiplication which produces a rapid increase in the number of liberated

electrons. The straw drift chambers are known as proportional counters. This means

that the signal detected by the wire due to the avalanche is roughly proportional to

the number of primary ionisations. The increase in the number of electrons gives a

signal large enough to be seen over the noise threshold. The time and width of this

signal, generally known as “a hit”, is recorded in the readout electronics.
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During an avalanche, the collisions cause excitations which lead to the release of

photons from the subsequent de-excitation. Photons with enough energy can travel

past the avalanche volume and create further electrons from interactions with the gas.

This then creates their own avalanches which leads to a breakdown of the gas. To stop

this from happening a quencher gas is flowed through the straws. The experiment

chose Ethane as it has multiple modes of excitation and therefore can absorb photons

of different energies. The avalanche period also leads to the creation of more ions.

These drift towards the cathode straw wall. This long distance movement from

the region of the avalanche to the straw wall induces a signal which is much larger

than the signal produced in the electron avalanche. The ions possess a much larger

mass and so their drift velocity is much slower than the electrons such that the signal

produced by the ions is separate and much later (of the order of µs) than the electron

signal. The signal induced from the ions is referred to as the ion tail.

The signal induced by the initial ionisations from the positron thus results in two

pulses: an initial smaller pulse from the avalanche electrons and a much longer pulse

from the ion tail. The shorter pulse from the electron avalanche triggers the frontend

electronics. The much larger and slower ion signal is suppressed by the electronics.

This means that the electronics can cope with a high rate of signals as the larger ion

signal does not mask subsequent electron avalanche signals which could occur very

soon after the first.

The time that the electronics is triggered is designated as the time of the hit. For the

purpose of track reconstruction the path that the positron travelled must be known

precisely. The hit time th is determined from the time that the positron entered into

the straw known as t0 and the drift time td. This is the time the primary ionisation

electrons takes to drift from the initial interaction point to the sense wire. The hit

time th is calculated using the equation

th = t0 + td. (5.1)

Therefore if t0 is known then td can be calculated. This relies on a detailed knowledge

of the behaviour of the charged particles in the straw gas. From td the distance that

the charged particle travelled through the straw (and its distance away from the wire)
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can be inferred. This is known as the Distance of Closest Approach (DCA) and gives

a circle of possible points where the primary ionisation has occurred called the drift

circle. A diagram of a positron passing through a straw and causing primary ionisa-

tions is shown in Figure 5.4. No knowledge of the vertical direction is known and so

this leads to a cylinder around the wire of possible points where the primary ionisa-

tion will have occurred. To resolve this issue and determine the positron’s trajectory

through the tracking detectors, the cylinders from multiple straws are combined to

determine the positron’s path. This motivates having the straws orientated in two

different directions, as it enables the determination of the vertical direction of the

positron’s trajectory.

Drift circle

DCA

Primary 
ionisation

Primary 
ion drift

Positron 
trajectory

Electron 
drift

Sense wire

𝑡"

𝑡#

𝑡$

Straw wall

Figure 5.4: A diagram showing primary ionisations caused by the interaction of the

positron with the straw gas. This indicates how the drift time td is calculated from

the hit time th and the t0 value.

5.4 Track formation

A charged particle travelling in a uniform magnetic field perpendicular to its motion

will travel in a helical path. The tracking detectors are situated in the fringe field

of the magnet and as such the particles experience a varying magnetic field radially

and vertically [67]. This complicates the track fitting of the helical trajectory. This

changing magnetic field also affects the path of the charged particles as they drift
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through the straw, causing an added complication in obtaining the DCA for the

positron. The track fitting is instead done by separating the path into short sections.

Drift circles are created and centred around the wire, using the drift radius calculated

from the drift time and the drift velocity. By comparing the neighbouring straw drift

circles potential tangents can be found. To do this a line of best fit can be drawn

from the shortest distance of each tangent between two drift circles.

The trajectory of the positron’s path through the straw tracking detectors is cal-

culated from the DCA of the positron’s path through multiple straws, along with

detailed information on the positions and orientations of the straws. The stages of

track formation are as follows. For each tracking module, the straw hits within a

time period are grouped together. This time period is approximately 100 ns and

these hits are grouped together to form a time island. Next there is spatial grouping

of these hits. This is first done by grouping straw hits within the same view (U or

V) in different layers if they are adjacent. These are referred to as clusters. The

clusters for the U and V views for a single module are then group together to form

seeds. The candidate positron tracks are formed by grouping together seeds in dif-

ferent modules based on which seeds are close in time (within 10 ns) and proximity

to the previous one. Once straws have been identified as part of a potential track

the td is determined in order to calculate the drift distance for each straw. For the

simplified version in which a positron is travelling at normal incidence to the plane of

the straws, a t0 value for a cluster with individual hit times of tA and tB is calculated

using the equation

t0 =
1

2
((tA + tB)− (d/vdrift)), (5.2)

where d is the distance between the two wires and vdrift is the drift velocity.

This allows a t0 value to be calculated for each straw and hence the td can be

calculated in order to determine the DCA and then the drift cylinder of the positron’s

trajectory. In order to determine the vertical direction, the next cluster with a

different view must be included, as these straws are orientated at a different angle.

However this leads to a degeneracy when allowing for incident particles coming from

any angle. The radial degeneracy of the DCA measurement means it is hard to
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determine which side of the wire the particle travelled, this is called the left-right

ambiguity. Multiple track fitting is required to determine which set of left-right

combinations gives the best fit.

The track fitting is carried out using the GEANE (Geometry and Error Propagation)

fitting algorithm [66]. This process involves taking the track parameters being fit:

1

p
,
pu

pw
,
pv

pw
, u, v, (5.3)

where the uvw coordinates are defined with any two orthogonal vectors u and v, with

u and v typically lying in the surface of a detector and calculating the evolution of the

error matrices which describe the uncertainties in the track parameters. This is done

by transporting the tracks along small discrete steps, whilst checking for materials

that the tracks could scatter off and determining the magnetic field in each step to

account for its variation throughout the tracker module [52]. The track fitting relies

on only the hit information from the U or V layers. This fitting algorithm combines

the DCAs determined in each of the hit straws. One can define a χ2 for a track by

dividing the residuals of measured and predicted track parameters by their errors:

χ2 = (~p− ~x)T (σ−1)(~p− ~x), (5.4)

where ~p are the predicted track parameters given from the fit, ~x are the measured

track parameters and σ is the covariance matrix with the errors on the fitted param-

eters.

Minimising the χ2 with respect to the track parameters leads to an improvement in

the track fit [67]. An example of a track candidate is shown in Figure 5.5.

5.5 Track extrapolation

The extrapolation algorithm uses a Runge-Kutta Nystrom algorithm [68, 69]. This

uses track parameters determined at the entry point and exit point of the tracking

station to either extrapolate forwards to the calorimeters or backwards through the

varying magnetic field to the muon decay point. This extrapolation is done in small

steps to accommodate the changing magnetic field and to determine whether the
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Figure 5.5: A plot showing an example of a track candidate.

particle is likely to hit any material. If this is the case then the particle will scatter,

lose energy and have its path altered. These scattered particles are not used in

the analyses. The decay position is taken to be the position of radial tangency,

where the positron’s momentum is tangential to the storage ring’s magic radius.

The extrapolated muon decay point information is used to infer the profile of the

stored muon beam.

The straw tracker station is situated directly upstream of a calorimeter. Tracks

can be extrapolated to the calorimeter and the energy at the point if extrapolation

compared to the momentum. The data can also be used to determine if the two

detectors are aligned correctly and also to independently determine the rate of pileup.

Pileup is defined as the case when two low energy positrons hit the same calorimeter

crystal and are not spatially and temporally resolved and are counted as a single

higher energy positron.

5.6 Tracking quality cuts

Quality cuts are applied to the data to remove failed or badly fitted tracks, reduce

the tails observed in the tracking distributions and lower the tracking uncertainties.

A summary of the quality cuts used in the tracking analysis is shown in Table 5.2.

The quality cuts remove approximately 60% of all measured tracks. The top 4 cuts in

Table 5.2 remove around 55% of tracks, with the remaining cuts discarding a further
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5% of tracks.

Therefore the cuts are optimised such that a small subset of tracks, representative

of the whole sample, are reconstructed as accurately as possible. The fraction of

tracks passing the quality cuts is rather small and will need to be improved for a

track-only determination of ωa and the EDM measurement. It is however adequate

for the primary goal of measuring the beam motion throughout the fill.

Parameter Quality Cut

Non-failed track/vertex
No volumes hit

Number of straw hits ≥ 12
pValue 5%

σy and σr
0.5 < σy 3.5mm and 0.5 < σr
5.0 mm

Track Entrance Point (at 1st module) 60 < x < 150mm and −40 <
y < 40mm

Drift times 0 < and < 70 ns
Track residuals < 500 µm

Fraction of missed layers < 30%

|U - V hits| ≤ 4

Table 5.2: The quality cuts applied to the tracking detector data.

5.7 Readout electronics

Once a signal has been produced on a sense wire two sets of electronics are used to

convert the analog signal into a digital signal. These are the frontend electronics and

the backend electronics. The frontend electronics are the boards which detect the

signals on the wire and processes these into straw hits. A photograph of the frontend

electronics is shown in Figure 5.6. The backend electronics are the electronic boards

used to combine the data from all the frontend boards and also synchronise the

signals using the common experimental clock.

5.7.1 Frontend electronics

The frontend electronics consist of ASDQs (Amplifier Shaper Discriminator with

charge (Q)) boards which are located inside the tracker manifolds and used to convert

the analog signals from the sense wire into digital hits. This data is then sent to
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Internal HV cable

LVDS flexicable

Viton o-ring

ASDQ board

Copper heat sink

Figure 5.6: A photograph of the manifold frontend electronics with the important

components highlighted.

the TDC (Time to Digital Converter) boards which are contained in the FLOBBER.

The ASDQ boards are connected to the sense wire via long pins and as such are the

first electronics to process the wire signal. Each ASDQ board connects to 16 sense

wires and there are four ASDQ boards per manifold.

The conversion of the analog signal into a digital signal in the ASDQ is performed in

several steps. These steps include amplification, signal shaping, baseline restoration

and discrimination. The signal is shaped to smooth out the multiple small peaks

that are created by the multiple primary ionisations when the charged particle passes

through the straw. This creates a single smooth peak for a single charged particle.

Baseline restoration is used to remove the long signal tail that arises from the much

slower ion signal. The ion tail inhibits efficient high rate operation. However the

time development of the signal is well known and so the ion tail can be cancelled

out. This is done using a circuit element whose impulse response produces a mirror

image of the ion tail. A polezero cancellation technique is then used to eliminate

the ion tail in the signal. A detailed explanation of the ASDQ ion tail cancellation

process is discussed in reference [70]. This ensures that primary ionisations from

the next charged particle to pass through the straw are not concealed by the ion

tail. This means that two signals can be easily distinguished, increasing the rate

of signals that can be measured. The discriminator is used to register when the
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signal passes a threshold. The digital hit time is the time the signal first crosses

over the threshold and the hit width when it subsequently falls below the threshold.

A diagram illustrating the steps the ASDQ takes to convert the analog signal to a

digital signal is shown in Figure 5.7.

Figure 5.7: A diagram displaying the steps the ASDQ carries out to convert an

analog signal to a digital signal. (a) Multiple short signals are measured for each of

the avalanches caused by the primary interactions of the positron with the straw gas.

(b) The amplification and shaping of the short signals into one smooth signal. (c)

The discriminator selects the data that passes above the threshold shown by the red

line. The blue lines indicate the section of the signal that passes above this threshold.

(d) The digital signal created for the leading and trailing edges of the smoothed out

signal. The ion tail is not included in the diagram [71].

The digital signals from the ASDQ boards are then sent to TDC motherboards

housed in the FLOBBER via Low Voltage Digital Signal (LVDS) flexicables. Each

straw tracking module uses four TDC motherboards and each motherboard is con-

nected to two ASDQs. The FLOBBER was designed to hold the electronics not

needed to be directly connected to the sense wires. The clock system provides a

primary 10MHz clock signal which is used as a timebase for generating the exper-

iment’s 40MHz clock. This is sent to the Clock and Commands Center (CCC) for

distribution to the detectors. The TDC board then time stamps the ASDQ signal

to the precision of 625 ps using the 40MHz clock signal. A detailed discussion of the

experiment’s clock system can be found in reference [73]. The channel number, hit

time and width are sent to the backend electronics. The low and high voltage re-

quired for the tracking modules is supplied by a low voltage crate and a high voltage

CAEN SY127 crate [74] located in a rack in the centre of the storage ring.
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Figure 5.8: The path of the straw hit data through the frontend and backend elec-

tronics in the straw tracker readout system.

5.7.2 Backend electronics

The backend electronics comprises logic boards (LB), FC7s and a single AMC13.

The two LBs per module are also located in the FLOBBER and provide an interface

to the ASDQ-TDC pairs (1 LB per 4 ASDQs). The LBs supply clock and control

signals to the TDCs and gather the information together into a single data block to

be processed downstream in the FC7 and AMC13 boards. The LB consists of three

external interfaces. A fibre-optic cable which connects to the higher level backend

electronics to receive the external clock and control signals, the LV line supplying low

voltage to the frontend boards and a serial communication port to the slow control

hardware. Fiber optic cables can send data over large distances allowing the higher-

level backend electronics to be located away from the trackers. They are located in

the centre of the ring away from the magnetic field storage region, allowing magnetic

materials to be used.

One FC7 µTCA advanced mezzanine card (AMC) per tracker is located in the µTCA

crate located at the centre of the storage ring. Each FC7 is connected to 16 LBs.

The FC7 is used to supply the clock and control signals for the LBs and collect

a hit data from all the LBs into a single block. The AMC13 board is the most

downstream board which is also housed in the µTCA crate and collects together the

hit data from the FC7 boards as well as distributing the clock and control signals

to the tracker modules. The AMC13 connects to a computer in the counting room
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Figure 5.9: The hierarchy of frontend and backend boards and the numbers of each

type of board used in the straw tracker readout system.

via a Gigabit Ethernet (GbE) fiber. Diagrams of the hierarchy of the frontend and

backend electronics are shown in Figures 5.8 and 5.9.

5.8 Choice of wire voltage

Gain measurements were carried out to find the optimal operational wire voltage for

the modules. The gain is the ratio of the final number of electrons detected by the

straw wire to the number of electrons initially liberated in the gas. A higher voltage

on the straw wire will lead to a larger electric field strength and therefore electrons in

the straw will have higher energies after collisions, leading to an increased likelihood

of more ionisations. The signal on the straw wire is proportional to the applied

voltage. However if the wire voltage is set too high, the gas in the straw starts

to breakdown with too many hits being detected by the wire and the electronics

becomes saturated. If the voltage is too low, an insufficient number of electrons will

be liberated during collisions and a small signal is produced which can be below the

200mV, threshold in the ASDQ discriminator.

An optimal wire voltage must be found between these two regions. This is the plateau

region, combining high gas gain with a minimum of gas breakdown. To determine

the optimal wire voltage, the number of straw hits for various wire voltages was
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measured. This was carried out using a radioactive Sr90 β− decay source with two

types of gases; the test gas mixture used in the University of Liverpool cleanroom

80:20 Ar : C02 and the experimental gas mixture 50:50 Ar : C2H6. As can be seen

in Figure 5.10 the gain is too low for voltages below 1200V for the for the Ar : C2H6

gas mixture. With increasing voltage the gain increases and so does the number of

hits recorded by the electronics. At a voltage of approximately 1550V the number

of hits recorded plateaus. This indicates that at this voltage approximately all of

the beta particles travelling through the straw are detected by the wire as hits. This

continues until the voltage reaches about 1700V. From there onwards the hit rate

increases due to an increasing gain indicating the breakdown of the gas and each

beta particle results in multiple hits being recorded. Therefore the optimal voltage

for the wire should lie within this plateau range: a voltage of 1650V was chosen.

Figure 5.10: The number of hits from a Sr90 source as a function of wire voltage for

both 50:50 Ar : C2H6 and 80:20 Ar : C02.

5.9 Data quality monitoring

The online monitoring of data from the straw trackers is critical to promptly identify

and remediate possible failure modes of the detector and the data acquisition system.
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The beam profile, drift time, and number of hits per straw are monitored by the

experiment’s shift crew. The detectors have performed extremely well: the longest

period of downtime was two days when a gas valve froze in inclement winter weather.

Figures 5.11, 5.12 and 5.13 are examples of the online monitoring web pages.

The data acquisition (DAQ) system for the experiment is provided by PSI’s Maxi-

mally Integrated Data Acquisition System (MIDAS) software package. This collects

and aggregates data from the frontend electronics at 200 Mb/sec and writes the data

to tape.

Figure 5.11: The online monitoring plots of the straw tracking detector. Top right:

the number of hits in each tracker module. Bottom right: the expected and measured

straw hit drift time. Bottom left: the average number of hits per TDC. Top left: a

monitor of the tracker electronics.

Figure 5.12: An online monitoring web-page showing the hits of potential tracks.
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Figure 5.13: An online monitoring web-page displaying the number of hits in two

tracker modules.

5.10 Straw Tracker performance

The first g–2 data taking period (Run-1) ran from 23rd March–7th July 2018. Fig-

ures 5.14–5.21 show data from the straw tracking detectors for a 60 hour subset of

this period in April 2018.

Figure 5.14 shows the distribution of hits in both stations and is used to determine

whether there are any dead or noisy channels.

Figure 5.14: The number of hits in each straw for both tracking stations. The largest

number of hits are recorded in the straws closest to the beam.
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Figure 5.15 displays the drift times for all the modules. The hit time for the straw is

used to group straw hits together to form tracks. From this a t0 value is determined

and equation 5.1 is used to calculate the drift time.

Figure 5.15: The straw drift time as measured during data taking by the tracking

detectors.

Figure 5.16 shows the momentum of reconstructed tracks. The structure is due to

the inherent momentum dependence of the efficacy of the track quality cuts. This

is known because as the quality cuts were being optimised, the individual features

of the distributions moved around. Figure 5.17 displays the origin of the tracks

reconstructed and Figure 5.18 shows the vertical and radial beam profile.

Figure 5.19 shows the radial position of the beam as a function of time and illustrates

the coherent betatron oscillation (CBO) of the stored muon beam and Figure 5.20

shows the radial distribution integrated over time. The high average radius is due

to an under kick by the kicker system, where the ideal kick would centre the beam

at r = 0. This also causes the beam width to be narrow at the high radius, whereas

again with an ideal kick the narrowest point would be at the centre. The radial

distribution peaks at approximately 20mm with respect to the magic radius. The

vertical position of the tracks is shown in Figure 5.21.
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Figure 5.16: The momentum distribution of tracks.

Figure 5.17: A top-down view showing the reconstructed muon decay positions ob-

tained by extrapolating positron tracks.
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Figure 5.18: The muon beam distribution reconstructed from all extrapolated tracks.

Figure 5.19: The radial position of tracks as a function of time.
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Figure 5.20: Reconstructed radial position integrated over time.

Figure 5.21: Reconstructed vertical position of tracks.
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Chapter 6

Construction of the Straw

Tracking detectors

6.1 Introduction

This chapter will give details on the construction of the straw tracking detectors

as described in chapter 5. This includes each step in the construction process and

the strict quality control tests which were meticulously carried out. This was done

to ensure that the tracker modules run effectively and meet the required design

specifications.

The straw tracking detectors were constructed by University of Liverpool technicians

and PhD students in the ISO Class 5 clean room. This was done to prevent any

contaminants from entering the module during construction. Personally I was solely

responsible for the ASDQ testing and metrology surveys. As part of the construction

team I worked on every step of the tracker module construction and testing processes

apart from the straw assembly step. A total of 22 tracker modules were produced

and tested in Liverpool before being shipped to Fermilab. An overview of the major

steps in the construction process is illustrated by a flow chart in Figure 6.1.

6.2 Pre-assembly checks and preparation

Before construction of a tracking module could begin a series of checks and prepa-

rations must be carried out. The gold-plated copper pins which fix the wire in place

73
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Figure 6.1: Module production flowchart.

within the manifold must be cleaned for any blockages inside before they could be

used to construct wires. This was done by placing the pins in an ultrasonic cleaner

which uses de-ionized water. They were then cleaned with isopropanol alcohol. Once

the pins have dried, any remaining blockages could be removed by threading the pins

with thicker 50µm gold-plated tungsten wire. The aluminized Mylar straws were

also visually inspected for any observable damage, kinks or unravelling of the straws

which would lead to gas leakage. Straws with any visible sign of damage were not

passed onto the next stage of construction.

The straws were manufactured to be approximately 1.3m long and 5mm in diameter,
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which was confirmed by measurement once they were removed from their packaging.

Straws differing from these dimensions could have been improperly manufactured.

All straws measured had the correct length and diameter. The electrical resistance

was measured before and after the supportive inner layer of paper was removed from

the straw. If the resistance changed dramatically after the removal of the paper,

this would indicate that damage had been created when removing it. The resistance

for each straw should be around 200Ω for both measurements. Any straw with a

much higher or lower value or a straw with a changing resistance was not used in the

construction process. The 98% of straws that passed were then prepared for a leak

test.

6.2.1 Leak testing

As the Mylar straws are known to be permeable to some gases it was predicted that

some gas leakage would be present. The rate of permeation of CO2 that passes

through the straw wall was calculated for every straw. Only the straws with the

lowest permeation rates were selected for module construction. The experiment is

operated under vacuum and in order for the quadrupoles to operate at the required

voltage the storage ring vacuum cannot exceed 10−6Torr. In order to achieve this

each tracker station must have a maximum leak rate of 4.5×10−5Torr·L/s, and each

tracking module must not exceed 5.6 × 10−6Torr·L/s. Anything above this is too

high to be handled by the storage ring pumping system.

The leak tests were carried out using CO2 rather than the experimental gas mixture

of 50:50 Argon Ethane (Ar : C2H6) as this was not available for use in the University

of Liverpool clean room. The leak rate measured was then converted to Ar : C2H6

to determine if the straws have a low enough permeation rate to be used in the

experiment. The chamber for testing the permeation rate was constructed from

copper pipes and was designed by members of the Mu2e experiment. A photograph

of the setup is shown in Figure 6.2. This chamber contains a CO2 sensor and holds

a nitrogen environment during the leak test. The method of leak testing began by

flushing the test chamber with nitrogen to remove any other gases present in the

chamber. Whilst this was taking place the straw was flushed with CO2 to clear

out any other gases within the straw. This was done by gluing a gas inlet of viton
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Figure 6.2: Photograph of a straw being placed into the leak testing equipment.

tubing to each end of the straw. The gas line to the CO2 was then attached at

one end to flow the gas through the straw. This was done for one minute. The

straw end opposite the gas line was then sealed to allow the straw to fill up with

CO2. Initially this was over pressured to 1.7 relative to Atm. This was done to

ensure that the straws will easily be able to cope with the experimental vacuum of

1Atm. The gas pressure was then reduced to 1Atm relative and filled at a rate

of 0.15 LPM. While this was occurring the straw was inspected for any leaks. This

was done by lightly pressing the straws to see if they had fully inflated. The straw

is then sealed off from the flow of CO2 and further inspected for any deflation of

the straw. The straw was then immediately placed into the test chamber which was

then sealed shut. Ensuring throughout the testing process that the straw was not

kinked or bent in order to minimise the risk of damage to the straw. Within the test

chamber, the CO2 sensor recorded the levels of CO2 that passed through the straw
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wall into the test chamber. This test was carried out for 40 minutes with the CO2

level as a function of time recorded. The leak rate was calculated using the slope of

this distribution as shown in Figure 6.3. There were two separate batches of straws

tested throughout the construction process. During pre-testing preparation it was

discovered that the batch 2 straws had a wall thickness of 13µm, which is 2µm less

than the batch 1 straws. At this point in the construction process the conversion

rate from CO2 to Ethane had yet to be determined. However it was predicted that

the leak rate of Ethane was much lower than CO2 and that the leak rate of Argon

is negligible compared to the leak rate of CO2. To set a threshold for the leak rate

value it was decided to use one required for Ar:CO2 rather than Ar : C2H6 as it

was expected to leak more. The experiment required that the average leak rate for

the straws using 50:50 Ar : CO2 did not exceed 1 × 10−4 cc/min and so with the

planned use of Ar : C2H6 this was given a lower threshold of 2× 10−4 cc/min. The

batch 1 straws had an average leak rate of 0.95×10−4 cc/min when tested with 50:50

Ar : CO2, with a pass rate of 88%. There was concern that the batch 2 straws would

have a much larger permeation rate and therefore a larger failure rate. To acquire

enough straws for module construction, the threshold of 2× 10−4 cc/min had to be

reduced. By this time a number of vacuum tests had been carried out at Fermilab

on a finished module built using batch 1 straws. This was done using both Ar : CO2

and Ar : C2H6 to study both leak rates. The vacuum tests showed as predicted that

Ethane permeates at a much lower rate compared to CO2. Tests for this module

showed a module leak rate of 2.76× 10−3 cc/min for pure CO2 and a leak rate close

to a factor of 20 lower at 1.49×10−4 cc/min using 50:50 Ar : C2H6. This meant that

the straw leak rate threshold could be reduced to 4× 10−4 cc/min. The average leak

rate for batch 2 straws was 2.45× 10−4 cc/min. At this rate 86% of straws passed.

6.2.2 Pre-installation ASDQ testing

Prior to installation each ASDQ board was tested to ensure that the readout elec-

tronics and all 16 channels per ASDQ board were working correctly. This involved a

setup where each ASDQ was connected by Kapton flexi-cables to a set of secondary

electronics as would be done in the actual experimental setup, as shown in Figure 6.4.

Instead of using muon cosmic data which was used in a later stage of module testing,



Chapter 6. Construction of the Straw Tracking detectors 78

Figure 6.3: Graph of a straw with a passed leak rate of 4.83× 10−5 cc/min.

pulses were sent to the ASDQ. Here 20 pulses were sent to each of the ASDQ’s 16

channels, where the leading edge and the trailing edge were counted. If the channel

was working correctly all the pulses should be sent back and so 40 hits would be

read per channel. A plot of an ASQD working correctly is shown in Figure 6.5. An

example of an ASDQ with connection problems is shown in Figure 6.6. Out of 165

ASDQs tested, 24 failed giving a pass rate of 86%.
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Figure 6.4: Photograph of the testing of two ASDQ boards with the testing setup.

Figure 6.5: Example plot of an ASDQ that has passed testing with all channels

recording 40 hits.
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Figure 6.6: Example plot of an ASDQ that has failed testing. This shows that there

are several noisy channels producing more than 40 hits.
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6.3 Metrology

Before assembly, the machined pieces of the tracker modules had a metrology survey.

The manifolds, flanges and lids were measured to determine their surface flatness

and any wrongly sized or positioned holes. This information was also used to match

together two manifolds and a flange for every module.
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Figure 6.7: Engineering drawing of the flange with the nominal hole positions and

sizes displayed.

The metrology survey was carried out using a contact probe with a Coordinate

Measuring Machine (CMM). The aim was to learn how accurately the parts had been

machined and assess if they lie within acceptable tolerances. Therefore determining

whether they were ready for use in module construction or need to be returned to

the workshop for alterations. An engineering design sheet showing the required hole

positions and sizes for the flange is shown in Figure 6.7. The dimensions of each

machined piece were required to be known accurately for alignment of the tracking

detectors once they were placed into the storage ring. I wrote a program to measure

the pieces automatically as previously all 1326 points for a manifold survey were

done by hand. This improved the measurement time from approximately 6 hours

manually to 50 minutes automatically. The manifolds were then paired with a flange

based on the offsets measured from the flange surveys. The data was stored in
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the Liverpool construction database which could then be utilised for any detector

alignment studies required.

Figure 6.8: Picture of a CMM measurement of the manifold straw holes.

The software Metrosoft Quartis [76] was used to write a program to control the CMM

to measure all the machined pieces. This program used CAD models of each piece

to select the elements to survey and the number of probe points required for each

measurement. A separate program was written for each of the three different pieces.

For the manifold surveys a manifold was glued to a stand which was itself fixed in

position to the granite work surface of the CMM. This ensures the position of the

piece relative to the granite work surface was constant for each separate manifold

measurement. Therefore the probe could find the correct position to start its mea-

surement program. The setup is shown in Figure 6.8. From this a coordinate system

for the stand was set up and used each time so that the probe would automatically

know its position relative to the manifold. This was done using the 3-2-1 method.

Where manually a plane of 3 points was made on the stands face. This was set to

a primary direction of z and origin of z. Next a line of two points was measured on

the side face of the stand, setting a secondary direction of x and an origin of y. A

point was then measured on another face and set as the origin of x. This was done
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the first time a program was written, saved and used each time. Next the manifold

coordinate system was created with its origin located on a corner of the manifold

end. This was done using the 3-2-1 method again. This manifold co-ordinate system

is shown in Figure 6.9. This coordinate system was saved and would be redone each

time a new manifold was measured, as there was likely to be a slight deviation in its

position compared to the previous manifold. This ensured the coordinate system of

the CAD was updated to the correct alignment for each metrology survey.

Figure 6.9: Setup co-ordinate system of the manifold. The blue arrow indicates the

x axis, the red the y axis and the green the z axis.

The dowel holes and 128 straws holes of the manifold were required to be known in

size and position precisely. The dowel holes being used to locate and position the

manifold and flange together, prior to being fixed by bolts. These were measured as

cylinders by the probe which could also determine if there were any bumps inside the

holes which need removing. The software display as straw holes are being measured is

shown in Figure 6.10. The straw hole measurements were carried out by the program

using a loop which measures a cylinder and moves the probe 6.052mm along to the

centre of the neighbouring hole. This was done for each straw row. As the expected

positions were given in the CAD model any deviations of individual holes or offsets

of entire rows would be measured by the probe. Along with the holes, the various

manifold faces and the o-ring plane were measured for flatness and positioning.
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Figure 6.10: Left: A screenshot of the Metrosoft Quartis program. Right: A screen-

shot of the program display during a manifold measurement.

Once all measurements were completed, the database contains all the values required

including nominal values, the values measured and the range of measurements for

each element. From this data any alterations to the pieces of equipment could be

carried out. The data was then used to match pairs of manifolds together with similar

offsets and choose a flange to match with the manifolds. Plots from the database

showing a typical measurement of a dowel hole and a manifold surface are shown in

Figure 6.11. These display the measured probe points and any deviation from their

nominal values. Plots showing all the straw holes sizes and flange dowel holes sizes

measured are shown in Figures 6.12 and 6.13 respectively.
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Figure 6.11: Graphical images of results from the Metrosoft Quartis database. Left:

A plot of a dowel hole displaying the probes points and the difference from their

nominal value in mm. Right: A plot of a plane on the manifold with the probe

points showing the difference from their nominal flatness in mm.

Figure 6.12: Plot displaying the measured manifold straw hole sizes for all manifolds

measured. The nominal size for a straw hole being 5.15mm with a tolerance of

±0.3mm.



Chapter 6. Construction of the Straw Tracking detectors 86

Figure 6.13: Plot showing the size of all flange dowel holes measured. The nominal

size for a flange dowel hole is 5.0mm with a tolerance of ±0.2mm. The dowel hole

sizes were all larger that the nominal size but all apart from two lay within the

allowed tolerance.



87 6.4. Wire crimping and threading

6.4 Wire crimping and threading

The wires were prepared prior to being strung into the manifold. This involved

threading the wire through gold plated copper pins. The 25µm gold plated tungsten

wire was threaded through a long pin which was then crimped using the materials

tester to secure the wire in place. The copper wire must be cut to a length much

longer than the straw length, so wires of about 80 cm were cut. The wire was threaded

through an injection molded insert which contains slots to allow gas flow through

the straws and then threaded through a long pin. Glue was then applied to the end

of the long pin which was then placed inside the insert, leaving a small length of the

wire going through the pin with most left behind the insert.

To secure the wire in place the long pins were crimped using a Lloyd LRX Plus

materials tester [77]. The pins were placed horizontally into the materials tester to

ensure an even distribution and were crushed using a 1 kN load cell. A photograph

of the crushing process is shown in Figure 6.14 with a close up photograph shown in

Figure 6.15. To measure this process a Epsilon Extensionometer [78] was attached to

the crushing jaws to measure its extension as it crushed the pin. This data produced

a graph which was inspected to ensure that the crimping was carried out correctly.

The pin diameter was also measured before and after crimping using a vernier caliper

for comparison.

The wires were then left for 24 hours to allow for any expansion of the pin after the

crimping process. The short length of the wire was then gently pulled while holding

the insert to see if the wire could be pulled through and hence the crimp had failed.

Any wires that failed were re-crimped and pull tested again.

6.5 Straw assembly

The long straws that passed leak and resistance tests were then cut into 90.6mm

sections with a guillotine. The aluminium end pieces were then glued to each end of

the straw. There are two types of aluminium end piece. The top hat has an elevated

ridge at one end which allows the straw to rest in the straw hole and provides the

pin for the electronic readout end of the wire. The non-top hat does not connect to

the manifold electronics.
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Figure 6.14: Photograph of the Lloyd LRXPlus materials tester crimping a pin.

The gluing was done using a q-tip to carefully apply a silver epoxy TraDuct 2902 [79]

to the end pieces and attach them to the straw ends, ensuring that the straws were

not bent or damaged as the two were bonded together. A row of completed straws

is shown in Figure 6.16.

The selected manifold pair plus a flange were put together, positioned correctly and

then secured in place by jacks which held the manifolds a selected distance apart.

Then 128 straws were inserted and fixed in place into the manifold straw holes. In

total the process to glue 128 straws into the module took 5 days. Firstly the straws

had silver epoxy applied between themselves and the module. This was used to

produce an electrical grounding of the straw to the module. To provide a gas seal

between the straw and the module Araldite 2020 was applied. The process required

5 days due to the time the curing took to dry and the fact that only one layer was

done at a time to minimise the risks of moving or knocking the straws while the

bond was curing.

6.6 Module construction

The modules were placed on the stringing jig which was used to populate the straws

with the individual wires. The prepared wire was threaded through a straw using a

plastic rod with a hole in the end to attach the wire. The rod was pulled the entire
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Figure 6.15: Close up photograph of a pin being crushed.

Figure 6.16: Photograph of a row of 32 completed straws.

way through a straw to the opposite end and removed from the other side to thread

the wire. A photograph of this is shown in Figure 6.17. The wire end with the pre-

crimped pin went into the side of the straw with the top hat aluminium end piece

and was fixed there while the bare end of the wire was pulled through to the other

end of the straw. Another insert was threaded through the wire and fixed into the

non-top hat straw end, with a short annealed pin being threaded onto the wire. The

short pin was annealed so that it was easier to crimp with a hand tool. Once both

the insert and pin were threaded through the wire a 30 g weight was hung from the

end of the wire to provide the required tension while the pin and insert were being

secured into the module. The short pin was then glued into the insert and then the



Chapter 6. Construction of the Straw Tracking detectors 90

pin was crimped with a hand crimp tool to secure the wire in place. The remaining

wire with the weight attached was then cut off and the wire trimmed off as close as

possible to the pin end. Glue was then placed on top of the wire to cover it and stop

any electrical discharge that could occur. The stringing process was repeated for

all 128 straws. Once the stringing process had been completed, the jacks that were

holding the manifolds in place were moved apart 50µm to produce a 50 g tension

equally to the straws and wires. This was done to compensate for expansion under

vacuum.

Figure 6.17: Photograph of a wire being threaded into a straw on the stringing jig.

6.7 Post module assembly wire testing

A tension test was carried out on the wires after stretching. A tension of 50±20 g was

required. This is about half of the tension needed to break a wire. The higher tensions

were desirable to minimise the gravitational sag on the wires. The tension test was

carried out by placing a magnet above the test straw. This was positioned above the

straw onto a thin layer of perspex to protect the straws. Crocodile clips connecting to

the tension tester device were attached to each end of the straw pins. The tension was

measured by sending current down the wire and varying its frequency in an external

magnetic field. The varying electric field would induce a magnetic field and cause the

wire to resonate in the external magnetic field. The current of the wire was recorded
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after every pulse. When the frequency of the current pulse reached the resonance

frequency of the wire, the current induced in the wire would be recorded and used

to calculate the tension. A photograph of a tension test is shown in Figure 6.18.

The tension tester calculated the wire tension using the equation:

T = 4Lmf2, (6.1)

where f is the frequency in Hertz, T is the tension in Newtons, m is the mass of the

wire in kilograms and L is the length of the wire in metres.

Figure 6.18: Photograph of a tension test being carried out on a wire.

Module
number

No. of wires
re-strung

Module
number

No. of wires
re-strung

1 32 9 5
2 27 10 7
3 11 11 4
4 7 12 6
5 8 13 4
6 7 14 5
7 5 15 5
8 4 16 6

Table 6.1: The number of wires re-strung for each module.

A resistance test was also carried out on each wire. This was done by touching probes

to the pins on either end of a wire which were connected to a digital multimeter. The
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resistance of each wire should be within the range of 10–13Ω. If wires lie outside

this range, they would be removed and re-strung. The number of wires that had to

be re-strung due to crimp and resistance test failure is shown in Table 6.1. A carbon

fibre post was then fitted to the non-flange end of the module and used to secure the

manifolds in position. The new manifold separation distance was checked using the

CMM, and then the jacks could be removed.

6.8 Module electronics installation

Once the resistance and tension tests had been completed along with any re-stringing

and the wires had passed all requirements the module electronics could be inserted.

The electronics required include eight ASDQ boards (four per manifold) which were

placed onto the readout long pins. End caps were placed onto the short pins providing

insulation to stop any electrical discharge from the pin to the ASDQ boards. The

two ASDQ chips on each board were then covered with a PTFE thermal heat pad.

This was done to prevent the boards overheating by transferring the heat to copper

heat sinks which were fixed to the ASDQ boards using brass screws. The heat sinks

pass the heat onto the manifold. Four flexi cables and HV cables were connected

to the feedthrough board, inserted through the snout and connected to the relevant

ASDQ boards. A photograph of this is shown in Figure 6.19. The feedthrough board

was then fixed to the snout. Finally the o-ring was covered in vacuum grease, put

in place then the lid was secured in position with a torque wrench to seal the lid to

the manifold and ensure the lid was attached evenly.

6.9 Module Checks and Data Quality

Before the constructed modules could be shipped to Fermilab, several tests were

carried out to ensure that the module could run at an acceptable vacuum, all wires

were recording hits correctly and that the module could run at the required HV for

a minimum of 2 days. These tests were done by placing the module horizontally

into a vacuum chamber to provide the maximum number of cosmic hits for data

taking. The module was bolted into the vacuum tank and vacuum sealed using a

greased o-ring. The 80:20 Ar:CO2 test gas was flowed through the module at a rate
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Figure 6.19: Photograph of flexi cables and HV internal cables connected to the

feedthrough board.

of 0.1 LPM into the top manifold, out through the bottom manifold and directed

into a bubbler. This was used to check the gas flow. A photograph of the setup is

shown in Figure 6.20.

Figure 6.20: Clean room setup for module testing including the vacuum tank on the

left and CAEN power supply on the right.

6.9.1 Vacuum testing

The vacuum pump down began with a roughing pump which took it down to 10mbar.

Then the turbo pump lowered the pressure to the order of 10−6mbar as required for

the experiment. This data was continually monitored as shown in Figure 6.21. If
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the module pressure struggled to get below 10−3mbar after one day of pumping, this

indicated that the module had a leak which needed to be located. A leak could arise

from a hole in the straw wall or the Araldite 2020 gas seal. To look for the leak the

module electronics were removed and the module was submerged in water to look

for the origin of any air bubbles. This occurred in five modules with a total of six

leaking straws being blocked off and not used for data analysis. The vacuum was

monitored for several days to ensure that the pressure could remain at the required

level.

Figure 6.21: Graph of a successful module vacuum pump down to below 10−6mbar.

The pressure begins to slowly increase at later times due to the turbo pump being

switched off at the end of the test.

6.9.2 Noise scans

Once the required vacuum level had been maintained the frontend electrons as ex-

plained in chapter 5 were placed into a custom made box which was fixed to the

snout. Noise scans were carried out to ensure that no residual noise from the wires

was observed above the 200mV threshold. This also checked if all the connections to

the internal electronics were working and the 16 channels per ASDQ board were all

recording data. If channels were not working this could indicate a shorted connection,

a broken wire or problems with the HV connection. The threshold was set at 200mV

as this was deemed high enough to cover most of the residual noise from the wires
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whilst not losing too many low energy straw hit signals. Noise scans of every channel

were tested at three voltages of 1000V, 1250V and the near-operating voltage of

1500V. The actual voltage in the experiment is 1650V, but Ar:CO2 breaks down

at this value, and could contaminate the wires. If working correctly all the channels

at the three voltages should be working identically. A plot of an ASDQ that passed

a noise scan is shown in Figure 6.22. For channels that did not work, this showed

that the wire connection was faulty or that the wire had a contaminant. This was

typically only one or two channels and occurred in 9 modules. Once 1500V had been

successfully reached, the module was left for a day to test if it ran stably. If a failure

was observed and it was suspected to be due to a wire contaminant then HV training

was carried out. To do this the HV was increased in increments of 100V from zero

until the channel trips. The typical trip voltages for wires was between 800-1200V.

Once the trip voltage was found, the current was increased from 1µA to 3µA and

left at this current for an hour to remove the contaminant. Only three modules

required HV training, with one needing HV training on multiple wires. Module 6

had three wires that were successfully HV trained in this manner and all wires were

found to have a normal noise scan on re-testing.

Figure 6.22: Example plot of a noise scan with all channels working correctly.

6.9.3 Module testing using cosmic muon data.

Once all testing had been completed and the vacuum and HV were running stably

then DAQ runs with muon cosmic data were taken. A four hour test, which was
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the minimum time required to detect hits in all 128 channels, were carried out. If

a channel had zero hits in this time it indicated a dead channel. Only five dead

channels were found during construction at this point in data quality testing. These

wires were all replaced and successfully re-tested. Once any dead channels had been

fixed much longer cosmic data runs were needed. This was to ensure that the module

could record data stably for a significant amount of time. Plots of long cosmic data

runs are shown in Figures 6.23 and 6.24, displaying the hits recorded in all four rows

of straws.

Figure 6.23: A plot of cosmic data channel hits for the four rows of straws.

Figure 6.24: A 3D plot showing more clearly the cosmic data channel hits for the

four rows of straws.

All modules passed the stringent quality assurance testing and were then readied for

shipping to Fermilab. This involved covering the module with perspex shielding and
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an antistatic plastic covering before being placed into a pelicase.

6.9.4 Module installation at Fermilab.

Upon arrival at Fermilab, tests were carried out to ensure that the modules were

not damaged during transportation. These included noise scans, vacuum tests and

gain tests. The modules were then installed into the storage ring vacuum chambers,

with data cables, LV and HV cables and cooling pipes attached. Each module was

Helium leak tested, ensuring that no leaks were introduced during transport. This

was carried out using a mass spectrometer, which was connected to a vacuum port

during the storage ring vacuum pump down. By spraying around each module with a

small amount of Helium, the amount of Helium present in the vacuum chamber could

be measured. All 22 modules were successfully shipped to Fermilab, 16 installed

without issue and the remaining 6 modules kept as spares. A photograph of a

fully installed tracking station is shown in Figure 6.25. Only the 6 dead channels

introduced during the construction process were not in use. All working channels

had a noise rate below the 200mV threshold. The modules all reached the required

vacuum to ensure that the storage ring vacuum could attain its target of below

10−6Torr. Thus far the tracking detectors have run extremely stably throughout all

data taking periods.

Figure 6.25: A photograph showing an installed tracker station.
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Chapter 7

Vertical betatron oscillations

7.1 Introduction

The muon g–2 storage ring acts as a weak focusing betatron. The experiment

uses quadrupoles held at an adjustable voltage. The electric field provided by the

quadrupoles gives a linear restoring force in the vertical direction, focusing the beam

vertically but defocusing radially. However, the combination of the vertical dipole

magnetic field and the defocusing radial electric field provides a net linear restoring

force in the radial direction and so the beam is focused in both directions. The

E-field and the B-field determine the dispersion of the beam, the measurements of

which will be the focus of this chapter.

The muons that enter the ring have to pass through the inflector, which is an aperture

vertically ∼ 15 cm and radially ∼ 7 cm wide. These muons do not all have the magic

momentum and so the beam has a momentum spread. The restoring forces from

the two fields cause the muons to oscillate about an equilibrium position. Vertically,

for ideal quadrupoles, the equilibrium position ye is at the centre of the storage ring

(y = 0). The radial equilibrium position xe is determined by the muons momenta.

This leads to both the average position and width of the muon beam to exhibit

simple harmonic motion called betatron oscillations, in both the radial and vertical

directions.

The equations for the horizontal and vertical beam motion are given by

x = xe +Axcos(vx
s

R0
+ δx), (7.1)

99
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y = ye +Aycos(vy
s

R0
+ δy), (7.2)

where vx and vy are the horizontal and radial beam tunes respectively, s is the arc

length along the trajectory, R0 is the magic radius and δx and δy are the corre-

sponding phases. The tune is defined to be the number of betatron oscillations per

revolution of the storage ring and is related to the strength of the field, characterised

by the field index n. The field index is given by:

n =
κR0

βB0
, (7.3)

where κ is the electric quadrupole gradient, R0 = 7112mm is the radius of the storage

ring, β is the relativistic velocity of the muon and B0 is the magnetic field strength.

The corresponding tunes are:

vx =
√

1− n, (7.4)

vy =
√
n. (7.5)

To determine the oscillation frequencies the tune is multiplied by the cyclotron fre-

quency fc. For the initial running conditions the quadrupoles were set to 18.3 kV

during data taking, giving a corresponding field index of n = 0.108. The resulting

horizontal and vertical betatron frequencies are:

fx = fc
√

1− n ' 0.94fc = 6298 kHz, (7.6)

fy = fc
√
n ' 0.33fc = 2211 kHz. (7.7)

Compared to the precession frequency which is:

fa =
e

2πmc
aµB = 229 kHz. (7.8)

7.1.1 The effect of betatron oscillations on ωa

Precise knowledge of the muon beam distribution and its behaviour throughout the

fill is required to determine the corrections needed to calculate aµ. This is because

as the beam undergoes these radial and vertical oscillations the rate of positrons
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measured by the detectors, which have an acceptance that depends upon the de-

cay position, also oscillates. Thus the total number of detected positrons will vary

throughout the fill due to the oscillation of the centroid of the beam distribution and

the precession of the muon spin. The simple 5 parameter fit function used to fit ωa

is:

N(t)5par = N0e
− t
γτ (1 +Acos(ωat+ φ)). (7.9)

Where N0 is an estimate of the number of muons at the start time, γτ is the average

relativistic lifetime of the stored muons, A is the amplitude of the precession oscil-

lation (asymmetry term) and φ is the phase of precession at the start time. This

is modified to account for the variation in the positron rate due to the betatron

oscillations by:

N(t) = N(t)5par ·NCBO(t), (7.10)

with

NCBO(t) = 1 +ACBOcos(ωCBOt+ φCBO)e
− t
τCBO . (7.11)

Where ACBO is the amplitude of the CBO, ωCBO is the frequency of the CBO term,

φCBO is the phase of the CBO at the start time and τCBO is the lifetime of the CBO.

The radial and vertical oscillation frequencies are dependent on the beam momentum

distribution, with their oscillation amplitudes being time-dependent. The spread in

the accepted muon momentum leads to a range of oscillation frequencies. The stor-

age in the ring is not perfectly harmonic and therefore the muon beam oscillation

frequencies are amplitude dependent. This range of oscillation frequencies causes the

coherent beam motion to decohere, which manifests itself as a reduction in the beam

oscillation amplitude over time. This leads the CBO to decay away exponentially

with a lifetime of approximately 300µs. The CBO will be described in the following

section. The general form for an oscillation term is therefore an exponentially de-

caying sinusoid. One such term is added for all the observed betatron oscillations.

As well as directly affecting N, there are effects from the betatron oscillations on the

phase and amplitude in the final ωa fits.
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A(t) = 1 +AAcos(ωCBOt+ φA)e
− t
τCBO , (7.12)

φ(t) = 1 +Aφcos(ωCBOt+ φφ)e
− t
τCBO . (7.13)

Here having moved from A and φ defined in equation 7.9 to a time dependant A and

φ, where AA and φA refer to the amplitude and phase of the CBO oscillation in the

asymmetry term and Aφ and φφ are the amplitude and phase of the CBO oscillation

of the φ term. The relevant betatron oscillations for the Run-1 dataset are defined

later in this chapter. In order to minimise the impact of these oscillations on the aµ

measurement tuning is required in order to ensure that the betatron wavelengths are

not multiples of the storage ring circumference. If the beam after one full rotation

around the ring is situated back in the same exact position then the beam would

sample the magnetic field at the same position each time. Any deviations in the

magnetic field and quadrupole electric fields will lead to forces that affect the muons

orbit with each revolution of the ring. If these forces lie on a resonance then the

betatron oscillations will increase and could cause muon loss. Any imperfections

in the magnetic field would lead to these field errors accumulating each revolution.

Instead the tune is used to ensure that the beam is at a different position every

revolution, for example a muon travels slightly more than a full revolution until it

gets back to the same radial position, ensuring that the beam samples the whole

magnetic field across the azimuth.

The equations used to describe the beam oscillations assume uniform coverage of

the quadrupoles. However in the experiment only 43% of the storage ring is covered

by the quadrupoles and therefore the equations are only approximate. The focusing

strength will change as a function of azimuth around the ring and a measurement of

the beam motion at different azimuthal positions is required.

7.1.2 Coherent betatron oscillations

Each stationary tracking detector only observes the beam from one position around

the ring and therefore only measures the beam once for each revolution of the storage

ring. This means that only frequencies of less than 0.5 fc can be observed. When
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considering the radial width, it is narrow at injection into the storage ring as the

entrance is oval shaped; long vertically and narrow radially. Due to the tuning, each

muon does not complete a full oscillation until it has done more than one rotation

around the ring. This means that the focal point as measured by a stationary detector

from injection will move azimuthally during the fill and the width will vary around

the ring as the muons orbit it. Furthermore there is an additional focal point at

a time of half a betatron period due to the sinusoidal nature of the muons radial

position.

The ranges of the field index n used by the experiment mean that the radial beam

oscillation frequency is higher than the vertical oscillation. The radial oscillation

fx > 0.5fc and so instead of observing the true frequency an aliased frequency is

measured at a frequency of fCBO = fc - fx, which is determined from the Nyquist

theorem. The frequency of this is called the Coherent Betatron Oscillation fCBO.

The frequency at which a single fixed detector sees the beam coherently moving back

and forth radially is given by:

fCBO = fC − fx = (1−
√

1− n)fC . (7.14)

So the oscillation of the radial mean is measured at a lower aliased frequency of

fCBO, while the vertical oscillation, which has a frequency fy < 0.5fc, is measured

at its actual frequency. A diagram illustrating this is shown in Figure 7.1. Figure 7.2

gives an illustration of the field index and frequency range that is affected by the

aliasing effect for a detector at a fixed azimuthal position. The diagram shows that

all the frequencies above f/fc = 0.5 are aliased. The green area indicates the field

index values used for the experiment. For fx its frequency in the green area lies

above f/fc = 0.5 and so this frequency is aliased. The dotted orange line shows fcbo,

which is measured instead of fx. Fy is shown by the blue line and lies below f/fc =

0.5 and so it is measured at its correct frequency. 2fy, shown in pink also lies above

f/fc = 0.5 and so it is measured as fVW instead. This is shown by the dotted pink

line. This measured frequency is given by the equation:

fVW = fC − 2fy = (1−
√
n)fC . (7.15)
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Where the fVW refers to the frequency of the vertical waist, the term used to describe

the vertical width of the beam.

Figure 7.1: An illustration of the coherent betatron oscillation (CBO). Showing in

blue the radial betatron oscillation for several wavelengths. In black is the cyclotron

circumference. As the radial betatron oscillation has a wavelength longer than the

storage ring circumference the detector observes the muon beam to be moving closer

to it and then move further away. The frequency that the detector samples this

beam motion is the fCBO which is shown in red [2].

The calorimeter detector acceptance is dependant on the radial and vertical position

of the muon’s decay. These beam positions are determined from the track extrap-

olation. The track is extrapolated back to the point of radial tangency, where the

positron momentum is parallel to the magic momentum. On average the vertical

position at this point is a good approximation of the vertical position of the decay,

with the per track vertical position resolution being 2.7mm.

The muon beam distribution oscillates during the fill which will cause the rate of

positrons measured to oscillate due to detector acceptance. This shows up as an am-

plitude modulation of the decay positron time spectrum data. Any change in the be-

tatron frequencies during the fill results in a systematic error on the ωa measurement.

The betatron frequencies themselves have frequencies much larger that fa and so do

not affect the ωa measurement directly. Careful consideration must be taken when

setting the CBO frequency, which is close to the second harmonic of fa = ωa/2π. If

the CBO frequency is too close to 2fa, the beat frequency f = fCBO−fa complicates

determining fa from the data, which would introduce a systematic error [2].
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Figure 7.2: For a range of field indices several frequencies are plotted. The range of

field indices used in the experiment is shown in green. The Nyquist band, at fc/2, is

also displayed. The detectors can only measure frequencies less than fc/2, therefore

aliasing occurs at frequencies above this.

For the 2000 run at BNL the fCBO did in fact lie close to the second harmonic of fa

and affected the ωa determined from fits of the data. This has been avoided for this

experiment by selecting the right field strength. The quadrupole voltages that the

experiment ran at for Run-1 were 18.3 kV and 20.4 kV.

Care must be taken to avoid resonances when choosing the operating quadrupole

voltage. Otherwise the beam distribution would expand and therefore cause loss of

muons. Spin resonances could also occur. This is where the vertical spin is slightly

rotated with each betatron cycle and slowly increases throughout the fill. These

effects will slowly add up and lead to a phase change of the ωa oscillation, affecting

its measurement.

7.1.3 Lost muons and beam scraping

Muons at the outer limits of the storage radius have a higher likelihood of being lost

at early times. The muons which leave the storage region before decay are referred
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to as lost muons. These cause a deviation in the muon exponential decay curve,

which affects the ωa fits and leads to a shift in the ωa calculated. Muons which lie

on the outer edge of the muon beam distribution and are outside of the storage ring

radius are removed by a process called scraping. This is where an asymmetric charge

is placed on the electrostatic quadrupoles at early times causing the centroid of the

beam to move radially and vertically by ∼ 2mm, forcing the muons at the edge of

the distribution into the path of the collimators. This causes those muons to scatter,

curl inwards and leave the storage ring [80]. The quadrupoles are then restored to

their nominal values 13µs after beam injection and the remaining muons are stored.

The vertical displacement of the muon beam distribution measured by the tracking

stations over the course of the scraping period is shown in Figure 7.3. The binning

chosen here was larger than the period of the expected oscillations so that only the

effect of scraping can be seen and not the beam oscillation. The ωa fits do not start

until 30µs so that the effects of scraping are no longer present and the muon beam

and corresponding betatron oscillations are constant throughout the fitting range.

However a small amount of muons will continue to be lost at later times. This

could be due to perturbations in the storage rings magnetic and electric fields or by

scattering with residual gas in the storage ring. Also with the radial and vertical

betatron oscillations of the beam distribution adding to this. When these muons

are eventually lost they curl inwards and are capable of travelling through several

calorimeters, depositing ∼ 170MeV in each. Therefore calorimeter pileup events

with an energy below 500MeV are consistent with two muons. However events with

energies between 1.8 - 3.2GeV are not. These could be either two low energy positrons

or a muon and a positron. Additionally muons are also more likely to produce a signal

in just one crystal in the calorimeter. This is because they are much less ionising

and do not produce an electromagnetic shower whereas positrons can deposit energy

in several crystals. Muons are identified by low energy double or triple coincidences

with neighbouring calorimeters. The coincident muons in neighbouring calorimeters

are determined by a signal time window with a time of flight of 6.25±0.5 ns [81] for

each adjacent calorimeter. The lost muon candidates can also be cross checked with

the tracking detector information. By applying cuts and subtracting backgrounds, a

spectrum of lost muons can be built up. The lost muon spectrum can then be added



107 7.2. Corrections to ωa measurement

into the ωa fit function. This is done to account for the positrons that would have

been observed at later times in the fill if there were no muon losses.

Figure 7.3: Measurement of the vertical displacement of the muon beam centroid at

tracking station 12 during the scraping period.

7.2 Corrections to ωa measurement

After accounting for the lost muons ωa is extracted from the calorimeter data. There

are two additional corrections that need to be applied, due to beam related effects,

the so-called E-field and pitch corrections. As mentioned in chapter 3, the storage

ring muons are chosen to be at the magic momentum and as such the quadrupole

electric field does not affect ωa directly. However corrections are required to account

for muons not at the magic momentum (E-field correction) or not travelling perfectly

perpendicular to the magnetic field (pitch correction). The size of the corrections are

expected to be of order 450 and 200 ppb [2] respectively, with a targeted combined

uncertainty <50 ppb.
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7.2.1 Radial electric field corrections

The muon beam distribution is dependant on the phase space acceptance of the beam

injection point at the inflector, the storage ring itself and the kick provided by the

kicker to place the beam onto the magic storage radius. The storage ring momentum

acceptance is ±0.15% [2] either side of the magic momentum and so there is a range

of muon momenta around that value. For muons with momenta not equal to the

magic momentum pm = 3.094GeV/c, the precession frequency is given by:

ω′a = ωa
[
1− β Er

cBy

(
1− 1

aµβ2γ2

)]
, (7.16)

where Er is the radial component of the electric field and By is the vertical component

of the magnetic field. By use of p = βγm = (pm + ∆p), the fractional difference in

ωa is determined by:

∆ωa
ωa

= −2
βEr
cBy

(∆p

pm

)
. (7.17)

Hence this effect leads to a reduction in the measured frequency and alters the

expression for ωa given in equation 3.7. Therefore the effect of the electric field

cannot be completely ignored as doing so causes a bias in the ωa value. To determine

the correction required for the electric field the equilibrium radial distribution of the

muon beam is required. This can be measured by analysing how the bunch structure

evolves during the fill, a so-called fast rotation analysis. A beam with a range of

momenta will undergo debunching. This is where muons with higher momenta will

have the largest orbits and so will take the longest time to travel once around the

ring, while the lowest momentum muons will take the lower orbit and so complete

one cycle around the storage ring in a shorter time. Eventually after many cycles

around the ring the low momentum muons will overtake the high momentum muons

and will do so multiple times as the muon beam circulates the storage ring. This

leads to a stretching of the muon bunch structure until the beam becomes uniform

and the bunch structure is lost. The bunch structure is mostly lost by 60µs [82]. The

fast rotation analysis is carried out using calorimeter data, and is confirmed by the

equilibrium position of the radial CBO as measured by the trackers. To study the

beam momentum distribution, the data from all calorimeters are aligned together in
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time and plotted in 1 ns bins to observe the fast rotation. A Fast Fourier Transform

(FFT) of the data is performed to observe the different frequencies in the beam

distribution. This data is converted into time and then into the muon storage radius

to observe the corresponding distribution in radii. If muon storage in the ring was

perfect then all muons should lie on the magic radius of 7112mm. Their deviation

from this value gives the distribution spread of the muon beam, from which the

electric field correction can be calculated. In the 2001 BNL dataset, the electric field

correction for the low n-value dataset was +0.47 ± 0.05 ppm [1].

7.2.2 Pitch correction

The measured ωa value requires a correction due to the vertical beam motion of the

beam. In equation 3.13 it was assumed that the muon beams velocity is perpendicular

to the magnetic field, thus the equation is simplified by the assumption that B · β

= 0. However this is an approximation and for the high level of precision required

for the ωa measurement a correction is needed to account for the vertical betatron

oscillations, where the muons velocity is not exactly perpendicular to the storage

ring magnetic field. A simplistic illustration of vertical betatron oscillations is shown

Figure 7.4.

The pitch correction is so-called because during vertical betatron oscillations, the

pitch angle ψ, defined to be the angle between the momentum and the horizontal

axis, varies harmonically with ψ = ψ0cos(ωyt). Where ωy is the vertical betatron

frequency ωy = 2πfy with ωy = 2π
√
nfc ' 2π × 2.2MHz. It is illustrated in Fig-

ure 7.5.

Using the assumption that the muons are all circulating on the magic radius, then

aµ − 1/(γ2 − 1) = 0 giving1:

~ωaµ = − q

m
[aµ ~B − aµ

( γ

γ + 1

)
(~β · ~B)~β]. (7.18)

The coordinate system used in Figure 7.5 has y as the vertical axis, the z axis is the

direction of propagation and ~β lying in the zy-plane. The x and z axes rotate with

the angular frequency:

1This derivation originates from the muon g–2 technical design report [2].
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Figure 7.4: Simplistic diagram of vertical betatron oscillations. If the muons were

injected into the ring at y = 0 and with no vertical momentum then the muon would

stay perfectly horizontal as it travels through the ring until it decayed, as shown in

the top diagram. However the muons are not injected perfectly and so will posses a

non-zero vertical momentum. The muons will then oscillate due to the restoring force

from the quadrupole electric field, with the amplitude of the oscillation dependant

on its initial direction as shown in the bottom diagram.

Figure 7.5: A diagram showing the coordinate system of the pitching motion, y =

vertical direction, z = azimuthal beam direction [2].

ω =
q

mγ
By. (7.19)

The equation for the transverse component of ω can be determined by use of the
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standard rotation formula:

ω⊥ = ωaµ = ωy cosψ − ωzsinψ. (7.20)

Using the assumptions:

~B = ŷBy, (7.21)

~β = ẑβz + ŷβy = ẑβ cosψ + ŷβ sinψ, (7.22)

~ω′aµ = − q

m
[aµŷBy − aµ(

γ

γ + 1
)βyBy(ẑβz + ŷβy)], (7.23)

the equation below is derived:

ωay = − q

m
aµBy

[
1− (

γ

γ + 1
)β2y

]
= − q

m
aµBy

[
1− (

γ

γ + 1
)β2y

β2y
β2

]
. (7.24)

Using:

βy
β

= sinψ ' ψ, γβ
2

γ + 1
=
γ − 1

γ
, (7.25)

gives:

ωay = ωa[1− (
γ − 1

γ
)ψ2] (7.26)

ωaz is given as:

ωaz = − q

m
aµBy(

γ

γ + 1
)βyβz = − q

m
aµBy(

γ

γ + 1
)β2

β2y
β2
βz
βy
. (7.27)

Using:
βy
βz

= tanψ ' ψ, (7.28)

ωaz becomes:

ωaz = −ωa(
γ − 1

γ
)ψ. (7.29)
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The vertical betatron oscillation frequency fy is approximately ten times faster than

the g–2 oscillation frequency fa. As vertical betatron oscillates ten times per g–2

oscillation, its effect on ωa is averaged out, leading to ωa ' ω⊥ [26]. Substituting

equations 7.26 and 7.29 into equation 7.20 gives:

ωa '
q

m
aµBy(1−

ψ2

2
) = − q

m
aµBy(1−

ψ2
0cos

2ωyt

2
). (7.30)

Taking the time average of the oscillation yields the pitch correction Cp and using

the equation relating the maximum allowed angle, ψ0, and the field index < ψ2
0 >=

n < y2 > /R2
0 gives the pitch correction [2] [83]:

Cp = −< ψ2 >

2
= −< ψ2

0 >

4
= −n

4

< y2 >

R2
0

. (7.31)

The vertical oscillations reduce the magnitude of ωa and so the correction needs to

be added to increase the value. In the 2001 BNL dataset, the pitch correction was

+0.27 ± 0.04 ppm [1].

The following analyses used two datasets from Run-1: the 60 hour dataset and

the 9 day dataset. Before looking at the oscillations the average vertical position

and vertical width were studied to characterise the overall behavior of the vertical

components of the beam throughout the fill. These are shown in Figures 7.6 and 7.7.

It can be seen that up to 30µs the beam is narrowing due to scraping as expected.

After 30µs however both distributions should be flat and this is not observed in either

distribution. This decrease in the vertical width should only have a tiny effect on

the pitch correction calculated. To check this, the calculation of the pitch correction

at two times throughout the fill was done using the vertical width distribution in

Figure 7.7 at station 12. One at an early time of 30µs which had a vertical width of

13.05mm and at a late time of 300µs which had a vertical width value of 12.70mm.

A Cp = 182 ppb was calculated at 30µs and Cp = 172 ppb at 300µs. Therefore the

unexpected variation of the vertical width only leads to a 10 ppb effect on the pitch

correction which is lower than the 30–50 ppb error expected for the Run-1 dataset

and lies within specifications. However while this has only a small effect on the pitch

correction value, the change in the beam position and width throughout the fill will

have an effect on the ωa fits and therefore this must be quantified and account for.
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Figure 7.6: A plot showing the average vertical position of the beam for both tracking

stations (station 12 in blue and station 18 in red) showing an unexpected decrease

throughout the fill.

Figure 7.7: A plot showing the vertical width position of the beam for both tracking

stations (station 12 in blue and station 18 in red) showing an unexpected decrease

throughout the fill.
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7.3 Vertical betatron oscillations

Before the observed change in the mean and width during the fill the vertical beam

frequencies were expected to be constant, but one explanation for them changing

was that the quadrupole voltage was changing in an unexpected way during the fill.

This would lead to the betatron frequencies also changing. To investigate this the

extrapolated vertical position as a function of time from the trackers was used. The

frequencies expected have a period of ∼ 450 ns, therefore the binning chosen was

50 ns. The average vertical position within each time bin is plotted versus time in

the fill. A fit is then applied, using a constant frequency as shown in Figures 7.8

and 7.9.

Figure 7.8: A plot of the average vertical position throughout the fill measured at

station 12. It shows that at early times oscillations are clearly visible and can be

fitted well. The fit becomes worse a later times as the oscillations become less clearly

visible.

An oscillation can clearly be seen in early times, but at later times there is beam

decoherence due to the momentum spread of the beam distribution. The χ2 = 1.89

from the simple fit using a constant frequency is unacceptably large, as looking at
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the fit throughout the fill a varying frequency is observed. Previously there had been

evidence of a varying frequency in the radial beam oscillations and the fact that

there was also evidence for this in the vertical beam oscillations indicated that the

quadrupole field was indeed varying throughout the fill. This variation needed to be

characterised more precisely so that it could be included in the ωa fit function, and

not distort the extracted value of ωa.

Figure 7.9: A plot of the average vertical position throughout the fill measured at

station 18. It shows that at early times oscillations are clearly visible and can be

fitted well. The fit becomes worse a later times as the oscillations become less clearly

visible.
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7.4 Varying beam oscillation frequencies

As mentioned previously, the oscillation of the radial mean has a longer period and

therefore is easier to measure with limited statistics. The variation in the radial

frequency can be converted into an expected variation vertically using equation 7.32.

However the equations are for ideal conditions (complete quadrupole coverage), so it

is crucial to measure the vertical frequency variation independently. To investigate

this variation in frequency further, time slices from the average vertical position were

then taken and a Gaussian fit in the range ± 35mm was performed to each time slice

to obtain the vertical mean and vertical width. It can be seen from the plots in Fig-

ure 7.10 that the width as well as the mean is varying throughout the fill. Figure 7.11

and Figure 7.12 show the results of the fit in a 5µs time slice from 20–25µs for the

vertical width and vertical mean for station 12 and station 18 respectively. Looking

at these distributions it can be seen that there are multiple frequencies in both. The

individual frequencies present in the distributions can be determined by doing an

FFT on the vertical width and vertical mean. Figures 7.13 and 7.14 show the FFT

for the fitted vertical mean (in blue) and the vertical width (in red) with the individ-

ual frequencies labelled for station 12 and station 18 respectively. However an FFT is

not the most accurate method for obtaining the frequency values, particularly when

looking for variations in frequency. Therefore fits were applied to the distributions

to obtain more accurate frequency values, using the main frequencies from the FFT

results as the initial guesses for the fit. Here 3 iterations of fits were carried out.

The distributions were then split up into 10µs sections (as we have limited statistics)

and fitted separately to look for variation/trends throughout the fill. Table 7.1 shows

the difference in the frequencies observed in the FFT from Figure 7.13, which was

calculated using the field index n = 0.108 and the frequencies calculated using the

final fit for the whole fill. Figures 7.15 – 7.22 show the fits for the vertical mean,

vertical width and fit residuals for both stations at 30–40µs, where the fits are very

successful and 30–100µs, which shows that the distributions become harder to fit at

later times.
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Figure 7.10: Plots showing the Gaussian fits for several time slices. It can be seen

that the vertical mean and width are varying with time.

Figure 7.11: Comparison of the mean and width distributions for station 12 at

early times of 20–25µs, showing that a mixture of frequencies are present in the

distribution.
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Figure 7.12: Comparison of the mean and width distributions for station 18 at

early times of 20–25µs, showing that a mixture of frequencies are present in the

distribution.

Figure 7.13: The FFT measured at station 12 using data throughout the whole

fill. This shows the various frequencies present in the vertical width and mean

distributions throughout the fill.
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Figure 7.14: The FFT measured at station 18 using data throughout the whole

fill. This shows the various frequencies present in the vertical width and mean

distributions throughout the fill.

Figure 7.15: Plots of the fitted vertical mean in a 10µs time slice between 30µs and

40µs measured at station 12 on the left and station 18 on the right.
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Figure 7.16: Plots of the vertical mean fit residuals between 30µs and 40µs measured

at station 12 on the left and station 18 on the right.

Figure 7.17: Plots of the fitted vertical width in a 10µs time slice between 30µs and

40µs measured at station 12 on the left and station 18 on the right.

Figure 7.18: Plots of the vertical width fit residuals between 30µs and 40µs measured

at station 12 on the left and station 18 on the right.
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Figure 7.19: Plots of the final fitted vertical mean in over 70µs between 30µs and

100µs measured at station 12 on the left and station 18 on the right.

Figure 7.20: Plots of the vertical mean fit residuals between 90µs and 100µs mea-

sured at station 12 on the left and station 18 on the right.

Figure 7.21: Plot of the final fitted vertical width in over 70µs between 30µs and

100µs measured at station 12 on the left and station 18 on the right.
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Figure 7.22: Plots of the vertical width fit residuals between 90µs and 100µs mea-

sured at station 12 on the left and station 18 on the right.

Quantity Expression Expected Freq.
[MHz]

Period [µs] Fitted Freq.
[MHz]

Period [µs]

fa
e

2πmcaµB 0.229 4.37 0.222 4.505
fc

ν
πR0

6.711 0.149 6.711 0.149
fy

√
nfc 2.202 0.454 2.209 0.453

fCBO fc − fx 0.372 2.688 0.376 2.667
fVW fc − 2fy 2.296 0.436 2.297 0.435

Table 7.1: Frequencies in the g–2 storage ring for the 60 hour data with a field

index of n = 0.108, showing the frequencies determined for the FFT along with the

frequencies calculated using the fit for the whole fill.
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7.4.1 Comparison with radial frequency variation.

The relationship between the vertical betatron oscillation frequency and the radial

CBO frequency is shown below:

fy = fCBO

√
2fc
fCBO

− 1. (7.32)

This is derived from equations for continuous quadrupoles rather than the segmented

quadrupoles of the experiment.

Figure 7.23: Comparison of the vertical CBO oscillation calculated using the vertical

betatron oscillation and the vertical CBO observed experimentally. A tuned factor

of 1.013 is required to create an agreement between the two values.

Figure 7.23 displays the observed vertical CBO frequency distribution obtained from

the 10µs fits to the tracker data. The measurements are the black dots, the red

line is calculated using equation 7.32. In order to obtain a good agreement between

the two, an additional multiplicative factor needed to be applied to fy. This factor

corresponds to a 1.3% increase, and is attributed to the equations being based on

100% quad coverage, which is not the case in the experiment. With this factor es-

tablished, it is now possible to convert between the measured variation in frequency

radially and vertically. This is important because the radial CBO, and its variation
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throughout the fill, can be fitted more precisely than the vertical frequencies. Al-

though the fit is still not perfect after the addition of the scaling parameter κ, it is

accurate enough for the Run-1 level of statistics, and helps improve the ωa fits. The

impact of adding the variation of the vertical oscillations to the ωa fits, including

this parameter is discussed in the next section.

7.5 Fitting ωa

The ωa fit, first introduced in equations 7.9 – 7.13 is shown in full below:

N(t) = N0e
− t
γτ (1+A·ABO(t)cos(ωat+φ·φBO(t))·NCBO(t)·NVW (t)·Ny(t)·N2CBO(t)·J(t).

(7.33)

This equation includes terms from every frequency in the muon beam distribution

and a lost muon contribution J(t) .

For the 60 hour dataset, the ωa fits can be performed and yield acceptable χ2 values

with a constant vertical waist frequency, even though the variation in the radial

frequency must be accounted for. This is because the period of the radial CBO

is longer, as is the lifetime. However the variation in the vertical waist must be

accounted for once the statistics increase, for example for the 9 day dataset, which

has approximately 3 times the statistics. The ωa fits for the 9 day dataset before and

after the scaling parameter κ is included are shown in Figure 7.24. The effect of the

addition of the scaling parameter κ is seen by looking at the FFT of the residuals

from the ωa fits. The top plot in Figure 7.25 shows the residuals when constant

frequencies of fVW and fy are used. There are clearly still residuals remaining at

these frequencies, which are not accounted for in the fitting functions. The bottom

plot in Figure 7.25 shows the same fits, except this time the observed variation

in fCBO is converted and applied to the fVW and fy frequencies, including a free

parameter which is the equivalent of κ in Figure 7.23. The value of this parameter,

obtained from fits to the calorimeter data is ∼ 1%, which is consistent with the κ

value obtained from the tracker data. Separate values of the scaling factor for each

frequency were trialled, but gave consistent results. In order to keep the number of

parameters in the ωa fits to a minimum a single scaling factor is used.
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Figure 7.24: Plots of the ωa fit results for the 9 day dataset before and after the

kappa function is applied. The change in ωa is only of the order of ∼ 5ppb, but it

also improves the stability of the fit when carrying out cross checks, including per

calorimeter scans and start time scans which change the start time of the fit to check

that the parameters do not shift to a different value.

During Run-1 it was discovered that several of the quadrupole resistors were dam-

aged. This meant that the quadrupole voltages had not reached their nominal values

by the start of analysis data taking at 30µs, and were still changing throughout the

fill. This was determined to be the cause of the varying vertical distribution of the

stored muon beam. Therefore as the g–2 phase is different for each vertical position

due its drift length, the varying vertical position would cause the average phase to

change and lead to a systematic error. The quadrupole resistors were fixed during

the shutdown between Run-1 and Run-2 and this effect has not been observed in any

later data runs.
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Figure 7.25: The top plot is an FFT of the residuals of the precession frequency

fits for a constant vertical waist and vertical mean frequency. The slight excesses

at ∼ 2.1MHz and ∼ 2.3MHz (blue dotted lines) cause unacceptably large χ2 values.

The bottom plot is an FFT of the residuals of the precession frequency fits, where the

variation in the radial CBO frequency is converted to the corresponding variations in

the vertical waist and mean, including the scaling parameter κ. It can be seen that

the excess at ∼ 2.1MHz has been removed and the excess at ∼ 2.3MHz is reduced.

The fits now have acceptable χ2 values.
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Outlook

This thesis has described the design, construction and testing of the straw tracking

modules of the Fermilab g–2 experiment. 22 modules were produced and 16 of these

are currently installed in the experiment. These modules have been extremely reliable

and have surpassed all the design specifications in terms of resolution and leak rate.

This bears testament to the rigorous and stringent quality assurance procedures

implemented throughout the construction of the modules.

Using data from the tracking detectors, I characterised the vertical motion of the

muon beam as a function of time. Unanticipated changes in the vertical mean and

width distributions of the beam showed evidence that the quadrupole voltage was

changing in an unexpected way during the fill. The parameterisation of this be-

haviour has removed biases in the determination of ωa.

The experiment has completed two data taking periods and accumulated a dataset

over four times the size of the BNL E821 experiment (Figure 8.1). This and the

subsequent data will produce the world’s most precise determinations of aµ. This

is sufficient to establish evidence for BSM physics at more than seven standard

deviations should the BNL aµ value be confirmed.

127
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Figure 8.1: The number of recorded positrons as a fraction of the E821 dataset

recorded to date by the Fermilab g–2 experiment.
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