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Chapter 1: Executive Summary 1-1

1 Executive Summary

1.1 Introduction

Fermi National Accelerator Laboratory and the Mu2e Collaboration, composed of about
155 scientists and engineers from 28 universities and laboratories around the world, have
collaborated to create this technical design for a new facility to study charged lepton
flavor violation using the existing Department of Energy investment in the Fermilab
accelerator complex.

Mu2e proposes to measure the ratio of the rate of the neutrinoless, coherent conversion of
muons into electrons in the field of a nucleus, relative to the rate of ordinary muon
capture on the nucleus:

| WHAZN)—e +AZN)
“ W +A(ZN) = v, +A(Z-1N)’

The conversion process is an example of charged lepton flavor violation (CLFV), a
process that has never been observed experimentally. The significant motivation behind
the search for muon-to-electron conversion is discussed in Chapter 3. The current best
experimental limit on muon-to-electron conversion, Ry, < 7 X 10" (90% CL), is from
the SINDRUM 1I experiment [1]. With 3.6 x10* delivered protons Mu2e will probe four
orders of magnitude beyond the SINDRUM II sensitivity, measuring R, with a single
event sensitivity of 2.87 x 10", Observation of this process would provide unambiguous
evidence for physics beyond the Standard Model and can help to illuminate discoveries
made at the LHC or point to new physics beyond the reach of the LHC.

The conversion of a muon to an electron in the field of a nucleus occurs coherently,
resulting in a monoenergetic electron near the muon rest energy that recoils off of the
nucleus in a two-body interaction. This distinctive signature has several experimental
advantages including the near-absence of background from accidentals and the
suppression of background electrons near the conversion energy from muon decays.

At the proposed Mu2e sensitivity there are a number of processes that can mimic a muon-
to-electron conversion signal. Controlling these potential backgrounds drives the overall
design of MuZ2e. These backgrounds result principally from five sources:

1. Intrinsic processes that scale with beam intensity and include muon decay in orbit

(DIO) and radiative muon capture (RMC).
2. Processes that are delayed because of particles that spiral slowly down the muon

Mu2e Technical Design Report



1-2 Mu2e Technical Design Report

beamline, such as antiprotons.

3. Prompt processes where the detected electron is nearly coincident in time with the
arrival of a beam particle at the muon stopping target.

4. Processes that mimic conversion electrons that are initiated by cosmic rays.

5. Events that result from reconstruction errors induced by additional activity in the
detector from conventional processes.

A general description of these backgrounds can be found in Section 3.2 and a detailed
description combined with estimates of background rates in Mu2e can be found in
Section 3.6.

1.2 Scope

To achieve the sensitivity goal cited above a high intensity, low energy muon beam
coupled with a detector capable of efficiently identifying 105 MeV electrons while
minimizing background from conventional processes will be required. The muon beam is
created by an 8 GeV proton beam striking a production target and a system of
superconducting solenoids that efficiently collect pions and transport their daughter
muons to a stopping target. The scope of work required to meet the scientific and
technical objectives of Mu2e is listed below.

e Modify the accelerator complex to transfer 8 GeV protons from the Fermilab
Booster to the Mu2e detector while the 120 GeV neutrino program is operating.
To accomplish this the existing Recycler and Debuncher Rings will be modified
to re-bunch batches of protons from the Booster and then slow extract beam to the
Muz2e detector.

e Design and construct a new beamline from the Debuncher Ring to the Mu2e
detector. The beamline includes an extinction insert that removes residual out-of-
time protons.

e Design and construct the Mu2e superconducting solenoid system (Figure 1.1)
consisting of a Production Solenoid that contains the target for the primary proton
beam, an S-shaped Transport Solenoid that serves as a magnetic channel for pions
and muons of the correct charge and momentum range and a Detector Solenoid
that houses the muon stopping target and the detector elements.

e Design and construct the Mu2e detector (Figure 1.1) consisting of a tracker, a
calorimeter, a stopping target monitor, a cosmic ray veto, an extinction monitor
and the electronics, trigger and data acquisition required to read out, select and
store the data. The tracker accurately measures the trajectory of charged particles,
the calorimeter provides independent measurements of energy, position and time,
the cosmic ray veto identifies cosmic ray muons traversing the detector region
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that can cause backgrounds and the extinction monitor detects scattered protons
from the production target to monitor the fraction of out-of-time beam.

e Design and construct a facility to house the Mu2e detector and the associated
infrastructure (see Figure 1.2). This includes an underground detector enclosure
and a surface building to house necessary equipment and infrastructure that can be
accessed while beam is being delivered to the detector.

Proton Beam

Production SoIenoid/ Detector Solenoid
——— _» Transport Solenoid = ﬁ

Muon
Stopping Target

Figure 1.1. The Mu2e Detector. The cosmic ray veto that surrounds the Detector Solenoid is not
shown.

Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.

Mu2e is integrated into Fermilab’s overall science program that includes many
experiments that use the same machines and facilities, though often in different ways.
Because of the overlapping needs of several experimental programs, the scope of work
described above will be accomplished through a variety of mechanisms. The NOvA and
g-2 experiments both require upgrades to the Recycler Ring that will be used by Mu2e.
Infrastructure required by both Mu2e and g-2 will be funded as common Accelerator
Improvement Projects (AIPs) and General Plant Projects (GPPs). These common projects
will be managed by Fermilab to ensure completion on a time scale consistent with the
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Lab’s overall program plan and to guarantee that the needs of the overall program are
satisfied.

1.3 Cost and Schedule

The total project cost for Mu2e is $271M. This includes the base cost plus contingency
and overhead, escalated to actual year dollars. A duration of 76 months, from CD-3a to
CD-4, is required for the construction phase of the Project.

1.4 Acquisition Strategy

The acquisition strategy relies on Fermi Research Alliance (FRA), the Department of
Energy Managing and Operating (M&O) contractor for Fermi National Accelerator
Laboratory (Fermilab), to directly manage the Mu2e acquisition. The design, fabrication,
assembly, installation, testing and commissioning for the Mu2e Project will be performed
by the Mu2e Project scientific and technical staff provided by Fermilab and the various
Mu2e collaborating institutions. Much of the subcontracted work to be performed for
Muz2e consists of hardware fabrication and conventional facilities construction.

1.5 References
[1] W. Bertl et al., Eur. Phys. J. C47, 337 (2006).
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2  Project Overview

2.1 Project Mission

The primary mission of the Mu2e Project is to design and construct a facility that will
enable the most sensitive search ever made for the coherent conversion of muons into
electrons in the field of a nucleus, an example of Charged Lepton Flavor Violation
(CLFV). Mu2e proposes to measure the ratio of the rate of the neutrinoless, coherent
conversion of muons into electrons in the field of a nucleus, relative to the rate of
ordinary muon capture on the nucleus:

. W H+A@ZN)—e +A(ZN)
“ W +A(ZN) = v, +A(Z-1N)’

The signature of this process is a monoenergetic electron with an energy nearly equal to
the muon rest mass. The significant motivation behind the search for muon-to-electron
conversion is discussed in Chapter 3. The best experimental limit on muon-to-electron
conversion, R, <7 x 10"°(90% CL), is from the SINDRUM II experiment [1]. Mu2e
intends to probe four orders of magnitude beyond the SINDRUM II sensitivity,
measuring R, with a single-event sensitivity of 2.87 x 107"

To achieve this significant leap in sensitivity, Mu2e requires an intense low energy muon
beam and a state-of-the-art detector capable of efficiently identifying, reconstructing and
analyzing conversion electrons with momenta near 105 MeV/c.

2.2 Scope Required to Accomplish the Project Mission

A technical design has been developed for the Mu2e Project that meets the Mission
Requirements described in Section 2.1. The scope includes the following:

e A proton beam that can produce an intense secondary muon beam with a structure
that allows time for stopped muons to decay before the next pulse arrives.

e A pion capture and muon transport system that efficiently captures charged pions
and transports negatively charged secondary muons to a stopping target. The
momentum spectrum of the transported muon beam must be low enough to ensure
that a significant fraction of the muons can be brought to rest in a thin target.

e A detector that is capable of efficiently and accurately identifying and analyzing
conversion electrons with momenta near 105 MeV/c while rejecting backgrounds
from conventional processes and cosmic rays.

e A detector hall facility to house the experimental apparatus.
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2.2.1 Proton Beam

Muz2e requires a high intensity, pulsed proton beam to produce an intense beam of low
energy muons with the time structure required by the experiment. Protons designated for
Mu2e are acquired from the Booster during the available portions of the Main Injector
timeline when slip-stacking operations are underway for NOvVA. Two Booster proton
batches, each containing 4.0 x 10'* protons with a kinetic energy of 8 GeV, are extracted
into the MI-8 beamline and injected into the Recycler Ring. After each injection, the
beam circulates for 90 msec while a 2.5 MHz bunch formation RF sequence is performed.
This RF manipulation coalesces each proton batch into four 2.5 MHz bunches occupying
one seventh of the circumference of the Recycler Ring. Each of these bunches will be
synchronously transferred, one at-a-time, through existing transfer lines to the Delivery
Ring, where the beam is held in a 2.4 MHz RF bucket during resonant extraction to the
experiment through a new external beamline. To help control the spill rate uniformity
during resonant extraction a technique known as RF knockout will be used. RF knockout
will allow for fast transverse heating of the beam. It will also serve as a feedback tool for
fine control of the spill rate. The resonant extraction process will not completely remove
the entire beam, so what remains must be disposed of in a controlled way. Therefore, a
beam abort system will be required for the Delivery Ring to “clean up” beam that
remains after resonant extraction is complete. The resonant extraction system will inject
~ 3 x 107 protons into the external beamline every 1.7 us (the revolution period of the
Delivery Ring). An extinction system, in the form of a high frequency AC dipole (see
Section 4.9), is required to suppress unwanted beam between successive pulses that can
generate experimental backgrounds (see Section 3.6). After transiting the extinction
system the proton pulses are delivered to the production target located in the evacuated
warm bore of a high-field superconducting solenoid. The proton beam will have a
transverse radius of about 1 mm (rms) and will be about 250 ns in duration. The proton
beam deflects in the magnetic field of the solenoid before striking the production target,
complicating the final focus beamline optics and steering. The production target is a
radiatively cooled tungsten rod about the size and shape of a pencil. Not all of the proton
beam interacts in the production target. The unspent beam is absorbed in an air-cooled
beam absorber downstream of the production target. A monitor, located above the beam
absorber, will measure scattered protons as a function of time to provide a statistical
measure of the residual beam between pulses that traverses the extinction system. The
proton delivery scheme is shown in Figure 2.1. The Mu2e proton beam requirements are
described in [2].

Two Booster batches can be sequentially processed as described above during the part of
the 1.33 second Main Injector cycle when the Recycler is not being used by NOvA. This
corresponds to 8 x 10'? protons per cycle for an average of 6 x 10'* protons per second
and a total of 1.2 x 10* protons per year (2 x 10 sec.).
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Recycler Ring
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Delivery Ring

&

Figure 2.1. Layout of the Mu2e facility (lower right) relative to the accelerator complex that
provides proton beam to the detector. Protons are transported from the Booster through the MI-8
beamline to the Recycler Ring where they will circulate while they are re-bunched by a 2.5 MHz
RF system. The reformatted bunches are kicked into the P1 line and transported to the Delivery
Ring where they are slow extracted to the Mu2e detector through a new external beamline.

Most of the infrastructure required to deliver proton beam to the Mu2e production target
already exists or will exist before Mu2e needs it. The g-2 experiment, scheduled to take
data before Mu2e, requires much of the same infrastructure. To satisfy the common needs
of both projects a program to develop a Muon Campus through a series of Accelerator
Improvement Plans (AIP) and General Plant Projects (GPP) has been initiated. The
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accelerator infrastructure required exclusively by Mu2e is part of the Mu2e Project and
includes:

e Resonant Extraction System

e MHz Delivery Ring RF system

e Mu2e external beamline

e Extinction System

e Extinction Monitor System

e Production Target

e Radiation Safety and Shielding

e Beamline instrumentation and controls
e Diagnostic Beam Absorber

e Proton Target Beam Absorber.

These elements are described in detail in this Technical Design Report.

2.2.2 Superconducting Solenoids

The Mu2e superconducting solenoid system performs a number of essential functions
that enable execution of the experiment, including

e Capture of pions from the production target

e Formation of the secondary muon beam

e Background rejection by shifting the pitch of high energy particles in the muon
beamline before they reach the Tracker

e Provision of a relatively uniform field for momentum analysis of conversion
electrons.

The solenoid system is divided into 3 functional units that have to operate as a single,
integrated magnetic system, shown with their associated infrastructure in Figure 2.2. The
magnetic field specifications for the solenoids (see Section 6.2) are derived from the
Mu2e physics requirements and define a very specific configuration. The fringe field
from one solenoid impacts the magnetic field in adjacent solenoids and there are
significant forces between magnets, so the solenoids have to be designed as a system
even though they will be constructed independently.

Production Solenoid

The Production Solenoid, shown in Figure 2.3, is a high field magnet with a graded
solenoidal field varying smoothly from 4.6 Tesla to 2.5 Tesla. The gradient will be
formed by 3 axial coils with a decreasing number of windings, made of aluminum
stabilized NbTi. The solenoid is approximately 4 m long with an inner bore diameter of
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approximately 1.5 m that is evacuated to 10™ Torr. The Production Solenoid is designed
to capture pions and the muons into which they decay and guide them downstream to the
Transport Solenoid. This process is initiated by 8 GeV protons striking a production
target near the center of the Production Solenoid. A heat and radiation shield, constructed
from bronze, will line the inside of the Production Solenoid to limit the heat load in the
cold mass from secondaries produced in the production target and to limit radiation
damage to the superconducting cable.

PS cryostat TSu Cryostat

DS Cryostat

Feedboxes

Distribution TSd
Lines Cryostat

Figure 2.2. The MuZ2e superconducting solenoid system, including the Production, Transport and
Detector Solenoids and the cryogenic distribution system. Not shown are the power supply and
quench protection systems.

Protons enter the Production Solenoid through a small port on the low field side of the
solenoid before intercepting the production target. Remnant protons that are not absorbed
by the target and very forward-produced secondary particles exit at the high field end of
the solenoid. Pions in the forward direction with angles greater than ~30°, relative to the
solenoid axis, are reflected back by the higher field and move along with the backward
produced particles in helical trajectories towards the Transport Solenoid.

The Production Solenoid must generate an axially graded field varying smoothly from
4.6 Tesla to 2.5 Tesla. This axial field change is accomplished using three solenoid coils
with 3, 2 and 2 layers of high-current, low-inductance aluminum-stabilized NbTi cable
that allows for efficient energy extraction during a quench, requires fewer layers to
achieve the required field strength and minimizes thermal barriers between the conductor
and cooling channels. Aluminum stabilizer is used for several reasons. Nuclear heating
from the large flux of secondaries produced in the production target is reduced in
aluminum compared to copper stabilizer, the other alternative. Aluminum is less dense
than copper, reducing the weight of the Production Solenoid. Aluminum can also be

Mu2e Technical Design Report



2-6 Mu2e Technical Design Report

annealed at room temperature to reverse the impact of atomic displacements, primarily
from neutrons, that degrade performance over time. This is further described in the
section that follows.

, ———— PP
e | ]

Figure 2.3. Plan view of the Mu2e Production Solenoid. The beam tube for the incoming proton
beam is shown in the upper right.

Heat and Radiation Shield

Lining the inside of the Production Solenoid warm bore is a heat and radiation shield
designed to protect the solenoid’s superconducting coils. The Heat and Radiation Shield
is designed to limit the heat load in the cold mass to prevent quenching, limit radiation
damage to superconductor insulation and epoxy and limit the damage to the
superconductor’s aluminum stabilizer. The shield is constructed primarily from bronze.
Because the proton beam is incident from one side of the Production Solenoid, the pattern
of energy deposition in the heat shield is asymmetric with the largest depositions being
near the target and collinear with the incoming proton beam direction. Even with the
protection of the Heat and Radiation Shield, a significant number of atomic
displacements will occur over time in the aluminum stabilizer surrounding the
superconductor. The Residual Resistivity Ratio (RRR) of the aluminum, the ratio of the
electrical resistance at room temperature of a conductor to that at 4.5 K, will decrease to
the point where the stabilizer cannot adequately protect the superconductor in the event
of a quench. The RRR can be completely recovered by warming the aluminum stabilizer
to room temperature. Based on models of neutron production and energy deposition, it is
anticipated that it will only be necessary to warm up once per year, coincident with
annual accelerator shutdowns. The Heat and Radiation Shield is shown in Figure 2.4 and
described in detail in Section 4.11.3.
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Outer S.S shell

Figure 2.4. Elevation view of the Heat and Radiation Shield (HRS), designed to protect the
Production Solenoid from secondaries produced in the production target. The HRS is constructed
from three large pieces of forged bronze and cooled by water flowing around its periphery. Beam
enters from the right.

Transport Solenoid

The S-shaped Transport Solenoid consists of a set of superconducting solenoids and
toroids that form a magnetic channel that efficiently transmits low energy negatively
charged muons from the Production Solenoid to the Detector Solenoid. Negatively
charged particles with high energy, positively charged particles and line-of-sight neutral
particles are nearly all eliminated by absorbers and collimators before reaching the
Detector Solenoid. Selection of negatively charged muons is accomplished by taking
advantage of the fact that a charged particle beam traversing a toroid will drift
perpendicular to the toroid axis, with positives and negatives drifting in opposite
directions. Most of the positively charged particles are absorbed in the central collimator.
The Transport Solenoid consists of five distinct regions: a 1 m long straight section, a 90°
curved section, a second straight section about 2 m long, a second 90° curved section that
brings the beam back to its original direction, and a third straight section of 1 m length.
The major radius of the two curved sections is about 3 m and the resulting total magnetic
length of the Transport Solenoid along its axis is about 13 m. The inner warm bore of the
Transport Solenoid cryostat has a diameter of about 0.5 m. The Transport Solenoid is
shown in Figure 2.5.

Mu2e Technical Design Report



2-8 Mu2e Technical Design Report

] Cals
“'9.9'9 feTerarare c|=
— | =

= m

Figure 2.5. The Transport Solenoid consists of a set of superconducting solenoids and toroids that
form a magnetic channel that efficiently transmits low energy negatively charged muons from the
Production Solenoid.

Late arriving particles are a serious potential background for Mu2e (Section 3.6). To
minimize the transport of particles that spend a long time in the magnet system the
magnetic field in the straight sections is designed to always have a negative gradient that
accelerates particles from the Production Solenoid through the Detector Solenoid. This
eliminates traps, where particles bounce between local maxima in the field until they
eventually scatter out and travel to the Detector Solenoid where they arrive late compared
to the beam pulse. The requirement on a negative gradient is relaxed in the curved
sections of the TS because trapped particles will eventually drift vertically out of the clear
bore and be absorbed by surrounding material.

Detector Solenoid

The Detector Solenoid is a large, low field magnet that houses the muon stopping target
and the components required to identify and analyze conversion electrons from the
stopping target. It is nearly 11 m long with a clear bore diameter of about 2 m. The muon
stopping target resides in a graded field that varies from 2 Tesla to 1 Tesla. The graded
field captures conversion electrons that are emitted in the direction opposite the detector
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components causing them to reflect back towards the detector. The graded field also
plays an important role in reducing background from high energy electrons that are
transported to the Detector Solenoid by steadily increasing their pitch as they are
accelerated towards the downstream detectors. The resulting pitch angle of these beam
electrons is inconsistent with the pitch of a conversion electron from the stopping target.
The actual detector components reside in a field region that is relatively uniform. The
inner bore of the Detector Solenoid is evacuated to 10™ Torr to limit backgrounds from
muons that might stop on gas atoms. The graded and uniform field sections of the
Detector Solenoid are wound on separate mandrels but housed in a common cryostat.
The conductor is aluminum stabilized NbTi. The gradient is achieved by introducing

spacers to effectively change the winding density of the superconducting cable. The
Detector Solenoid is shown in Figure 2.6.
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Figure 2.6. The Detector Solenoid is a large, low field magnet that houses the muon stopping
target and the components required to identify and analyze conversion electrons from the
stopping target.

The solenoids are the cost and schedule driver for the Project. The Production and
Detector Solenoids will be constructed in industry. The relatively unique Transport
Solenoid will be designed and fabricated at Fermilab, though many of the components
(superconducting cable, cryostats, etc.) will be procured from industry. The make-buy
decisions are based on the similarity of the Production and Detector Solenoids to other
solenoids fabricated in industry and to the limited availability of resources at Fermilab.
The superconducting cable required for the solenoids are long-lead items that must be
procured early.

Significant infrastructure is required to support the operation of the solenoids. This
includes power, quench protection, cryogens (liquid nitrogen and liquid helium), control
and safety systems as well as mechanical supports to resist the significant magnetic
forces on the magnets.

223 Secondary Muon Beam

To reach the required experimental sensitivity Mu2e requires a significant number of
negatively charged muons to be stopped in a thin target. To efficiently transport muons,
minimize scattering off of residual gas molecules, minimize multiple scattering of
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conversion electrons and prevent electrical discharge from detector high voltage the
Muon Beamline must be evacuated to the level of at least 10™* Torr. In the Production
Solenoid the vacuum must be maintained to better than 10 Torr to minimize oxidation
of the tungsten production target. Tungsten is prone to oxidation at elevated temperatures.

The muon stopping target must be massive enough to stop a significant fraction of the
incident muon beam but not so massive that it corrupts the momentum measurement of
conversion electrons that emerge. Lower energy muons allow for a thinner target to help
alleviate these concerns. The momentum distribution of muons at the Mu2e stopping
target is shown in Figure 2.7. The number of muons that reach and stop in the stopping
target depends on a number of factors. These include the proton beam energy, the
magnetic field in the Production and Transport Solenoids, the clear bore of the solenoids
the design of the collimators, the stopping target material and geometry.
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Figure 2.7. Momentum distribution of muons delivered to the stopping target as well as the
distribution of muons that stop in the target.

Protons enter the Production Solenoid, a relatively high field solenoid with an axial field
that varies from 4.6 Tesla to 2.5 Tesla, through a small port on the low field side of the
solenoid before intercepting the production target, mounted in the evacuated warm bore
of the Production Solenoid. Remnant protons that are not absorbed by the target and very
forward-produced secondary particles exit at the high field end of the solenoid. The
remainder of the charged particles, which are primarily pions, are reflected back by the
higher field and move in helical trajectories towards the Transport Solenoid. The size and
shape of the production target, the target supports and the clearance inside the Production
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Solenoid warm bore have all been designed to maximize the yield of stopped muons. The
production target is made from a high Z material (tungsten) to maximize pion production
while the geometry is designed to minimize pion reabsorption. The target supports are
designed with a small physical profile to minimize scattering and absorption of pions and
muons and the diameter of the warm bore of the Production Solenoid is large enough to
allow pions and muons within the acceptance of the Transport Solenoid to pass through
unobstructed.

To optimize the number of stopped muons a detailed simulation package with an accurate
particle production model is required. The calculated values of particle fluxes in the
secondary muon beam are based on GEANT4 simulations of proton interactions in a
tungsten target. GEANT4 has a variety of hadron interaction codes and the cross sections
and kinematic distributions can vary significantly between them. In order to reduce
exposure to the uncertainty in the hadronic models of low energy hadron production, the
results from GEANT4 have been normalized to data from the HARP experiment [3].
HARP measured the double differential cross-section for production of charged pions
emitted at large production angles in proton-tantalum collisions at 8 GeV/c. The data
from HARP does not cover the full kinematic range required for Mu2e. To cover the full
range required for Mu2e the QGSP-BERT hadronic model [4] is used. QGSP-BERT and
HARP are consistent in the region where they overlap. As a crosscheck, the production
model is compared to the results from a Novosibirsk experiment [5] where measurements
of pion production are reported in 10 GeV/c proton-tantalum interactions with more
coverage in the backward direction than provided by HARP. This results in 0.0019
stopped U~ per proton on target when all of the material in the muon beamline is included.
Errors on the double differential cross-section measurements by HARP are in the 10%
range. The QGSP-BERT model and the difference between tungsten and tantalum
introduce additional uncertainty. The overall uncertainty on the stopped muon rate is
conservatively estimated to be 30%.

The Transport Solenoid is designed to maximize the stopped muon yield by efficiently
focusing the charged particles created in the Production Solenoid towards the stopping
target located in the Detector Solenoid. High energy negatively charged particles,
positively charged particles and line-of-sight neutral particles will nearly all be
eliminated by the two 90° bends combined with a series of absorbers and collimators. To
minimize the transport of particles that spend a long time in the solenoid system the
magnetic field in the straight sections must have a continuous negative gradient. This
eliminates traps, where particles bounce between local maxima in the field until they
eventually scatter out and travel to the Detector Solenoid where they arrive late compared
to the beam pulse. The requirement of a negative gradient is relaxed in the curved
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sections of the Transport Solenoid because bouncing particles will eventually drift
vertically out of the clear bore and be absorbed by surrounding material.

As the charged particle beam traverses the first curved toroid section of the Transport
Solenoid it will disperse vertically, fanning out by charge and momentum as shown in
Figure 2.8. A collimator with a vertically displaced aperture resides in the central straight
section and performs a sign and momentum selection, resulting in a low energy,
negatively charged beam. The second toroid section in the Transport Solenoid nearly
undoes the vertical dispersion, returning the beam close to the solenoid axis. The beam
does not return exactly to the solenoid axis because of the smaller magnetic field in the
second bend resulting from the negative field gradient.

Figure 2.8. As the charged particle beam traverses the first curved toroid section of the Transport
Solenoid it will disperse vertically, fanning out by charge and momentum. The central collimator
absorbs the positively charged particles (blue) while allowing the negatively charged particles
(red) within a particular momentum window to pass through.

The central collimator that performs momentum selection can be rotated, allowing
positively charged beam to be delivered to the Detector Solenoid for purposes of
calibration. Embedded in the middle of the central collimator is a thin window made of
low-Z material to absorb slow moving antiprotons created in the production target.
Antiprotons that reach the detector solenoid and annihilate can be a source of background.
The vast majority of antiprotons have momenta below 200 MeV/c, but in rare instances
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antiprotons with momenta exceeding 300 MeV/c are produced, requiring a more massive
window to ensure annihilation. However, this window also reduces the yield of stopped
muons, so the thickness must be carefully optimized. A wedge shaped antiproton window
simultaneously optimizes attenuation of antiprotons and transmission of muons by taking
advantage of the correlation between momentum and vertical displacement in the
Transport Solenoid (see Figure 2.9). High momentum antiprotons must penetrate more
material while the low momentum muons that are most likely to stop in the stopping
target pass through the thinnest part of the wedge. The low Z window also separates the
upstream and downstream vacuum volumes to prevent radioactive ions or atoms from the
production target from contaminating the detector solenoid volume. Studies of antiproton
production and propagation are still underway and an additional window upstream of the
central collimator may also be necessary.

High momentum p

228

Low momentum w~

Figure 2.9. A wedge shaped antiproton window simultaneously optimizes attenuation of
antiprotons and transmission of muons by taking advantage of the correlation between
momentum and vertical displacement in the Transport Solenoid.

Muon Stopping Target

The muon stopping target consists of a series of thin aluminum discs arranged coaxially
along the Detector Solenoid axis in a graded field that varies from 2 Tesla to 1 Tesla
(Figure 2.10). Energy loss and straggling in the stopping target are significant
contributors to the momentum resolution function. The distributed, tapered target is
designed to stop as many muons as possible while minimizing the amount of material
traversed by conversion electrons that are within the acceptance of the downstream
tracker. The graded field captures conversion electrons that are emitted in the direction
opposite the detector components causing them to reflect back towards the detector. Not
all of these reflected electrons will be used in the final data sample as many of them will
pass through nearby material, lose energy or scatter and fail the analysis cuts. More
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importantly, the graded field also shifts the pitch of beam particles that enter the Detector
Solenoid and travel to the tracker, playing an important role in background suppression.
Because of the diffuse nature of the muon beam a significant number of muons can strike
the structure supporting the stopping target, producing electrons from muon Decays In
Orbit (DIO) at large radius where the acceptance for reconstruction in the detector is high.
Prompt, low-energy DIO electrons cannot contribute background to Mu2e. The DIO
endpoint energy and the muon lifetime both depend on the Z of the target nucleus. The
muon lifetime decreases with increasing Z as does the DIO endpoint, so high Z materials
are preferred for the support materials to reduce backgrounds. For this reason, tungsten
wires have been chosen for the target support.

Figure 2.10. The muon stopping target and its mechanical support.

Muon Beam Stop

Muons that do not stop in the stopping target pass through apertures in the detectors and
are transported to the muon beam-stop at the downstream end of the Detector Solenoid.
The Muon Beam Stop is designed to absorb the energy of muons that reach the end of the
Detector Solenoid. This is required to reduce activity in the detectors from muon decays
and captures in the beam stop. This is especially important during the signal measurement
period that begins about 700 ns after the proton microbunch hits the production target.
Near the downstream end of the Detector Solenoid the uniform magnetic field transitions
to a graded field that drops off along the beam direction. The field gradient reflects most
low energy charged particles produced in the beam stop away from the detectors. The
muon beam stop is constructed from a combination of high-Z materials in which muons
have a relatively short lifetime, so decays and captures take place well before the signal
measurement period begins, and polyethylene, intended to reduce neutron rates.

Fermi National Accelerator Laboratory



Chapter 2: Project Overview 2-15

2.2.4 The Detector

The Mu2e detector is located inside the evacuated warm bore of the Detector Solenoid in
a nearly uniform 1 Tesla magnetic field and is designed to efficiently and accurately
identify and analyze the helical trajectories of ~105 MeV electrons in the high-rate time-
varying environment of Mu2e. The detector consists of a tracker and a calorimeter that
provide redundant energy/momentum, timing, and trajectory measurements. A cosmic
ray veto, consisting of both active and passive elements, surrounds the Detector Solenoid
and nearly half of the Transport Solenoid.

Tracker

The Mu2e tracker is designed to accurately measure the trajectory of electrons in a
uniform 1 Tesla magnetic field in order to determine their momenta. The limiting factor
in accurately determining the trajectory of electrons is multiple scattering in the tracker.
High rates in the detector may lead to errors in pattern recognition that can reduce the
acceptance for signal events and possibly generate backgrounds if hits from lower energy
particles combine to create accidental trajectories that are consistent with conversion
electrons. A low mass, highly segmented detector is required to minimize multiple
scattering and handle the high rates.

The Mu2e tracker is a low mass array of straw drift tubes aligned transverse to the axis of
the Detector Solenoid. The basic detector element is a 25 um sense wire inside a 5 mm
diameter tube made of 15 um thick metalized Mylar®. The tracker will have ~23,000
straws distributed into 20 measurement stations across a ~3 m length. Planes are
constructed from two layers of straws, as shown in Figure 2.11, to improve efficiency and
help determine on which side of the sense wire a track passes (the classic “left-right”
ambiguity). A 1.25 mm gap is maintained between straws to allow for manufacturing
tolerance and expansion due to gas pressure. The straws are designed to withstand
changes in differential pressure ranging from 0 to 1 atmosphere for operation in vacuum.
The straws are supported at their ends by a ring at large radius, outside of the active
detector region. The tracker is shown in Figure 2.12.

Each straw will be instrumented on both ends with preamps and TDCs that will be used
to measure the drift time to determine the distance of approach of charged tracks relative
to the drift wire. The arrival time of the signal at each end of the straw will be compared
in order to determine the location of the track intercept along the length of the straw.
Each straw will also be instrumented with an ADC for dE/dx capability to separate
electrons from highly ionizing protons. To minimize penetrations into the vacuum,
digitization will be done at the detector, with readout via optical fibers. A liquid cooling
system will be required for the electronics to maintain an appropriate operating
temperature in vacuum.
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Figure 2.11 A section of a two-layer tracker straw plane. The two layers are required for full
efficiency and help resolve the left-right ambiguity.

Figure 2.12 The Mu2e straw tube tracker. The straws are oriented transverse to the solenoid axis.

The tracker is designed to intercept only a small fraction of the significant flux of
electrons from muon decays-in-orbit. The vast majority of electrons from muon decay in
orbit are below 60 MeV in energy (Figure 3.7). Only electrons with energies greater than
about 53 MeV, representing a small fraction of the rate (about 3%) will be observed in
the tracker. Lower energy electrons will curl in the field of the Detector Solenoid and
pass unobstructed through the hole in the center of the tracker. This is illustrated in
Figure 2.13.

Tracker resolution is an important component in determining the level of several critical
backgrounds. The tracker is required to have a high-side resolution of ¢ < 180 keV [6].
The requirement on the low side tail is less stringent since it smears background away
from the signal region while a high-side tail smears background into the signal region.
Current simulations indicate that the high side resolution of the Mu2e tracker can be well
represented by the sum of two Gaussians. The high-side resolution, which is the most
important for distinguishing conversion electrons from backgrounds, has a core
component sigma of 115 KeV/c, and a significant tail sigma of 176 KeV/c. The net
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resolution is significantly less than the estimated resolution due to energy loss in the
upstream material. The Tracker is described in detail in Chapter 8.

Figure 2.13. Cross sectional view of the Mu2e tracker with the trajectories of a 105 MeV
conversion electron (top) and a 53 MeV Michel electron (lower right) superimposed. The disk in
the center is the stopping target. Electrons with energies smaller than 53 MeV (lower left),
representing most of the rate from muon decays-in-orbit, miss the tracker entirely.

Calorimeter

High rates of hits in the tracker may cause pattern recognition errors that add tails to the
resolution function and result in background. Accidental hits can combine with or
obscure hits from lower energy particles to leave behind a set of hits that might
reconstruct to a trajectory consistent with a higher energy conversion electron.
Extrapolating the fitted trajectory to the downstream calorimeter and comparing the
calculated intercept with the measured position in the calorimeter may help to identify
backgrounds that result from reconstruction errors. Another source of background is
cosmic ray muons, not vetoed by the CRV system. Cosmic rays generate two distinct
categories of background events: muons trapped in the magnetic field of the Detector
Solenoid and electrons produced in a cosmic muon interaction with detector material.
The energy and timing measurements from the Mu2e calorimeter provide information
critical for efficient separation of electrons and muons in the detector (Section 9.4.1).
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The calorimeter may also be used in a software or firmware trigger to reduce the volume
of data-to-storage. The calorimeter consists of 1860 BaF, crystals located downstream of
the tracker and arranged in two disks (Figure 2.14). The crystals are of hexagonal shape,
33 mm across flats and are 200 mm long. Each crystal is read out by two large-area
APDs; solid-state photo-detectors are required because the calorimeter resides in a
1 Tesla magnetic field. Front-end electronics is mounted on the rear of each disk, while
voltage distribution, slow controls and digitizer electronics are mounted behind each disk.
A laser flasher system provides light to each crystal for relative calibration and
monitoring purposes. A circulating liquid radioactive source system provides absolute
calibration and an energy scale. The crystals are supported by a lightweight carbon fiber
support structure.

Calorimeter Disks

Figure 2.14. The Mu2e calorimeter consisting of an array of BaF, crystals arranged in two
annular disks. Electrons spiral into the upstream faces.

Cosmic Ray Veto

Cosmic-ray muons are a known source of potential background for muon-to-electron
conversion experiments like Mu2e. A number of processes initiated by cosmic-ray muons
can produce 105 MeV particles that appear to emanate from the stopping target. These
muons can produce 105 MeV electrons and positrons through secondary and delta-ray
production in the material within the solenoids, as well as from muon decay-in-flight.
The muons themselves can, in certain cases, be misidentified as electrons. Such
background events, which will occur at a rate of about one per day, must be suppressed in
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order to achieve the sensitivity required by Mu2e. Backgrounds induced by cosmic rays
are defeated by both passive shielding, including the overburden above and to the sides of
the detector hall, as well as the shielding concrete surrounding the Detector Solenoid, by
particle identification criteria using the tracker and calorimeter, and, most importantly, by
an active veto detector whose purpose is to detect penetrating cosmic-ray muons.

The cosmic ray veto consists of four layers of long extruded scintillator strips, with
aluminum absorbers between each layer. The scintillator surrounds the top and sides of
the Detector Solenoid (DS) and the downstream end of the Transport Solenoid (TSd), as
shown in Figure 2.15. The strips are 2.0 cm thick, providing ample light to allow a high
enough light threshold to be set to suppress most of the backgrounds. Aluminum
absorbers between the layers are designed to suppress punch through from electrons. The
scintillation light is captured by embedded wavelength-shifting fibers, whose light is
detected by silicon photomultipliers (SiPMs) at each end (except those counters closest to
the TSd).

Figure 2.15. The cosmic ray veto covering the Detector Solenoid and half of the Transport
Solenoid.

2.2.5 Conventional Facilities

The conventional facilities for the Mu2e Project include the site preparation, Mu2e
surface building and the underground enclosure to house the Mu2e detector. Routing of
utilities from nearby locations and installation of new transformers to power the facility
are included in the scope of the conventional facilities work. Together the conventional
facilities comprise approximately 23,000 ft* of new construction space. An entry view of
the Mu2e facility is shown in Figure 2.16.
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Figure 2.16. Entry View of the MuZ2e facility, looking northwest.

Sustainable Design and LEED

The Mu2e Project is not required to meet the Leadership in Energy and Environmental
Design (LEED)-Gold certification due to the function and operation of the facility.
Specifically, the facility will not be occupied on a regular basis. In lieu of LEED-Gold
certification, the Project plans to wutilize guiding principles and ASHRAE
recommendations to meet sustainability goals [7].

2.2.6 Off Project Scope

There is significant scope that is required by both Mu2e and the g-2 experiment. This
common scope has been collected into a series of Accelerator Improvement Projects
(AIP) and General Plant Projects (GPP) that are funded independent of the Mu2e and g-2
Projects. These AIPs and GPPs are described below.

Much of the off-project scope was the result of value engineering on the part of Fermilab,
the Mu2e Project and the g-2 Project. For example, the Muon Campus provides a
common cryo facility for both Mu2e and g-2, replacing individual cryo plants for each
Project. At one time Mu2e planned to use both the Antiproton Debuncher and
Accumulator Rings to re-bunch and slow extract protons from the Booster to the Mu2e
apparatus. It was realized that both Mu2e and g-2 could re-bunch protons using a new RF
system in the Recycler. This allowed Mu2e to eliminate its need for the Accumulator
Ring, freeing up the Accumulator Ring magnets for reuse in the M4 beamline and
eliminating the need for additional RF systems, kickers and injection systems.

Recycler RF AIP

The scope of the Recycler RF AIP is to design, assemble and install 7 full 2.5 MHz RF
cavities in the existing Recycler Ring. These cavities will be used to re-bunch batches of
protons from the Booster, necessary for both Mu2e and g-2. As of August 1, 2014 the
Recycler RF AIP was 12% percent complete.
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Muon Campus Infrastructure GPP

The scope of the Muon Campus Infrastructure GPP includes an upgraded cooling system
for cryo compressors and extension of the existing MI-52 service building to provide
room for power supplies for the new Recycler extraction kickers.

Beam Transport AIP

The scope of the Beam Transport AIP is to provide upgrades to support extraction of
primary protons from the Recycler Ring and transport to either the g-2 target station or
the Delivery Ring, the later being necessary for Mu2e. The extraction system includes a
Lambertson magnet and kickers. The transport system includes upgrades and aperture
improvements to existing beamlines, powers supplies and instrumentation. As of August
1, 2014 the Beam Transport AIP was 23% percent complete.

Cryo AIP

The Cryo AIP provides the common cryogenic system required to support both Mu2e and
g-2. The cryo plant will be installed in the MC-1 building that will house the g-2
experiment. Four refurbished Tevatron satellite refrigerators will be re-purposed for this
task. Much of the cryo piping will also be re-purposed from the Tevatron. Figure 2.17
shows two of the four Tevatron refrigerators that have been installed. As of August 1,
2014, the Cryo AIP was about 50% complete.

Delivery Ring AIP

The Delivery Ring AIP provides upgrades to the Delivery Ring (formerly the antiproton
debuncher) to support both Mu2e and g-2. The upgrades include an injection and abort
system, electrical infrastructure and rerouting of the controls system. As of August 1,
2014, the Delivery Ring AIP was 10% complete.

Beamline Enclosure GPP

The Beamline Enclosure GPP provides the underground beamline enclosure and above
ground berm between the Delivery Ring and both the g-2 and Mu2e buildings. The
design of the Beamline Enclosure is complete and construction is expected to commence
in the Fall of 2014. The Beamline Enclosure and the Mu2e building will be a single
construction package executed by the same subcontractor. This will allow a common,
integrated approach to site prep, grading, storm water runoff, ESH&Q and allow for a
coordinated set of construction activities. The purchase order will be split between Mu2e
Project funds for the Mu2e building and operating funds for the GPP.

Table 2.1 lists the scope required by Mu2e and, in each case, identifies the funding source.
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Table 2.1. The scope of work required to produce an operational Mu2e experiment. This includes
the scope of the Mu2e Project as well as the scope included in the Muon Campus AIPs and GPPs.

Item Description Funding Source
Recycler upgrades e MI-8 to Recycler Connection NOvVA

e Recycler injection kicker
Recycler upgrades e 2.5 MHz RF system Recycler RF AIP
Transfer Line * Recycler extraction system Beam Transport
Modifications e Beam transport from Recycler Ring to AIP

Delivery Ring
Recycler upgrades e MI-52 extension for Recycler extraction Muon Campus
kicker power supplies Infrastructure GPP

Delivery Ring ¢ Debuncher injection kicker Delivery Ring AIP
Modifications e Proton abort system

e Removal of Collider equipment
Delivery Ring e 2.4 MHz RF system Mu2e Project
modifications e Resonant extraction system
Muon Campus e Beamline tunnel to house M4 beamline Beamline
Beamline Enclosure clements for g-2 and Mu2e Enclosure GPP
M4 Beamline ¢ Beamline elements Mu2e Project

e Extinction system

e Diagnostic Absorber

e Proton Beam Absorber
Conventional ¢ Surface Building Mu2e Project
Construction e Underground enclosure to house detector

o Utilities
Solenoids * Production Solenoid Mu2e Project

e Transport Solenoid

e Detector Solenoid

e Power

e Quench protection

e Cryo distribution
Muon Campus Cryo | ® Cryo refrigerators Cryo AIP
Plant e Warm lines for compressed Helium

e Cold lines to Mu2e and g-2 detector halls
Detector o Tracker Mu2e Project

e (Calorimeter

e (Cosmic Ray Veto

e Stopping Target Monitor

e Trigger and Data Acquisition system
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Figure 2.17. Two of the four Tevatron satellite refrigerators that have been installed in the MC-1
building to provide cryogenic helium for the Mu2e and g-2 experiments.

2.3 Project Organization

The Mu2e Project consists of nine subprojects coordinated by a central Project Office
located at Fermilab. The subprojects, or Level 2 systems, are:

Project Management
Accelerator Systems
Conventional Construction
Solenoids

Muon Beamline

Tracker

Calorimeter

Cosmic Ray Veto

Trigger and DAQ.

XNk WD =
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The Fermilab Project Office is headed by the Project Manager and assisted by a Deputy
Project Manager and two Project Engineers. Project office support staff includes a
Financial Manager, Project Controls Specialists, an ES&H Coordinator, a Risk Manager,
a Quality Assurance Manager, a Configuration Control Manager and administrative
support. Fermilab provides additional ES&H support and oversight. The Mu2e Project
Office has developed detailed plans for project management, risk management,
configuration control and quality assurance [8][9][10][11].

2.3.1 Work Breakdown Structure

The Mu2e Project has been organized into a Work Breakdown Structure (WBS). The
WBS contains a complete definition of the Project’s scope and forms the basis for
planning, executing and controlling project activities. The Project WBS is shown in
Figure 2.18 and Figure 2.19 down to level 3. Items are defined as specific deliverables
(WBS 2 —9) or Project Management (WBS 1).

1. Project Management — Project Office administrative and management activities
that integrate across the entire project (management, regulatory compliance,
quality assurance, safety, project controls, budget, risk management, etc.)

2. Accelerator — All phases of R&D, design, procurement, installation, integration
and testing of the accelerator systems that are part of the Mu2e Project.

3. Conventional Construction - All phases of design, procurement, construction and
integration of the conventional construction facilities including site preparation
and access to utility systems.

4. Solenoids — All phases of R&D, design, procurement, installation, integration,
testing and commissioning of the superconducting solenoid system and associated
infrastructure including quench protection and systems to distribute cryogens and
power.

5. Muon Beamline — All phases of R&D, design, procurement, integration, testing
and commissioning of the series of deliverables associated with the Muon
Beamline system.

6. Tracker — All phases of R&D, design, procurement, assembly, installation,
integration, testing and commissioning of the tracker, tracker electronics and
associated support infrastructure.

7. Calorimeter — The project scope for the calorimeter includes procurement, testing
and processing of 2/3 of the crystals, 1/2 of the photosensors, 1/2 of the digitizers
as well as the R&D, design, construction and installation of the calibration system
and the front end electronics. The rest of the calorimeter will be provided in-kind
by INFN.

8. Cosmic Ray Veto - All phases of R&D, design, procurement, assembly,
integration and testing of the cosmic ray veto, the veto electronics and associated
support infrastructure.
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9. Trigger and DAQ - All phases of R&D, design, procurement, assembly,

installation, integration, testing and commissioning of the data acquisition system.
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Figure 2.18. Mu2e Project WBS to Level 3 for Project Management, Accelerator, Conventional
Construction, Solenoids and Muon Beamline.

2.4 Project Management

24.1 Project Controls

The Mu2e Project is in full compliance with the DOE certified FRA Earned Value
Management System (EVMS). The Earned Value Management System is used to monitor,
analyze, and report project performance. Mu2e’s EVMS implementation uses Primavera

P6 scheduling software for the resource loaded cost and schedule, Cobra for escalation,

burdening, and earned value reporting and analysis and Fermilab’s Oracle Project
Accounting system for tracking obligations and actual costs. The Fermilab EVMS

description can be accessed through the Fermilab Office of Project Management website

[12].
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6 7 8 9
Tracker Calorimeter Cosmic Ray Veto Trigger and DAQ
|| 6.1 || 7.1 | 8.1 | 9.1
Management Management Management Management
6.2 7.2 8.2 9.2
Straws Crystals Mechanical Design — System Design &
Test
|| 6.3 | 7.3 || 8.3
Straw Assemblies Mechanical Support Scintillator Extrusions | ©.3
Data Acquisition
6.4 7.4 8.4
Front-end Electronics Photo Sensors Fibers | 9.4
Data Processing
6.5 || 7.5 ] 8.5
Infrastructure Digitizer Photodetectors || S5
Controls & Networking
6.6 7.6 8.6
Assembly & Installation| Calibration System Front-End Electronics
7.7 || 8.7
FEE and Power Module Fabrication
7.8 || 8.7
Installation Assembly & Installation

Figure 2.19. Mu2e Project WBS to Level 3 for the Tracker, Calorimeter, Cosmic Ray Veto and
the Trigger and DAQ.

24.2 ES&H Management

The Laboratory Director has overall responsibility for establishing and maintaining
Fermilab's ES&H policy. It is Fermilab's policy to integrate environment, safety and
health protection into all aspects of work, utilizing the principles and core functions of
the Integrated ES&H Management System and implemented through the appropriate
lines of management. The Mu2e Project Manager reports to the Fermilab Director or his
designee and is responsible for implementing Fermilab’s ES&H policies into all aspects
of the Mu2e Project. The Mu2e Project Management Plan [8] includes a section on
Integrated Safety Management that describes how the Mu2e Project ES&H policies fit
within the DOE approved Fermilab ES&H program.

The philosophy of Integrated Safety Management (ISM) will be incorporated into all
work on MuZ2e, including any work done on the Fermilab site by subcontractors and sub-
tier contractors. Integrated Safety Management is a system for performing work safely
and in an environmentally responsible manner. The term “integrated” is used to indicate
that the ES&H management systems are normal and natural elements of doing work. The
intent is to integrate the management of ES&H with the management of the other primary
elements of work: quality, cost and schedule.
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24.3 Quality Assurance

Quality Assurance and Quality Control (QA/QC) systems are designed, as part of the
Quality Management Program, to ensure that the components of the Mu2e Project meet
the design specifications and operate within the parameters mandated by the requirements
of the Mu2e physics program. The Mu2e Project Manager is responsible for achieving
performance goals. The Mu2e Quality Assurance Manager is responsible for ensuring
that a quality system is established, implemented, and maintained in accordance with
requirements. The Quality Assurance manager will provide oversight and support to the
project participants to ensure a consistent quality program.

The QA/QC elements in place for the Mu2e Project draw heavily on the experience
gained from similar projects in the past. Senior management recognizes that prompt
identification and documentation of deficiencies, coupled with the identification and
correction of the root causes, are key aspects of any effective QA/QC Program. The
Project Manager endorses and promotes an environment in which all personnel are
expected to identify nonconforming items or activities and potential areas for
improvement.

244 Configuration Management

Configuration Management is a formalized process to manage proposed system changes
and provide an audit trail to manage and maintain the evolution of system configurations.
A Configuration Management Plan establishes a baseline, defines the rules for changing
that baseline and records changes as they occur. The origin of changes and their status at
any subsequent point should be readily identifiable.

The Mu2e Project uses several tools to achieve this objective, including a document
control system that supports versioning and document signoff to “approve” a version,
drawing management systems, and software control with a versioning and release system
based on a software repository.

24.5 Risk Management

Project risk in Mu2e is mitigated through a structured and integrated process for
identifying, evaluating, tracking, abating and managing risks in terms of three risk
categories: cost, schedule and technical performance. A Risk Management Board, chaired
by the Project Manager, meets regularly to identify risks and develop mitigation plans.

Any project faces both threats and opportunities and must strive to exploit the
opportunities while ensuring that the threats do not derail the project. Numerous informal
and formal approaches are used to identify threats and opportunities, assessing their
likelihood and prioritizing them for possible mitigation or exploitation. The key to
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successful risk management is to implement a deliberate approach to accepting,
preventing, mitigating or avoiding them. The Mu2e Project becomes aware of potential
risks in many ways, notably during work planning, meetings and reviews as well as via
lessons learned from others. Risk is managed during the planning and design phase by
implementing appropriate actions, such as ensuring adequate contingency and schedule
float, pursuing multiple parallel approaches and/or developing backup options. Every
effort must be made to specify these actions in a manner that reduces the risk to an
acceptably low level.

Risks that are identified will be managed as early as possible to assure that they do not
delay the timely completion of the project or stress its budget in unexpected ways. The
Mu2e Risk Management Plan [9] is under configuration management.

2.5 Key Performance Parameters Required to Obtain the
Expected Outcome

Project completion (CD-4) will be accomplished when the scope defined in the WBS
dictionary has been completed and the apparatus has been demonstrated to be functioning
to the required level by achieving Key Performance Parameters (KPP) described in the
Project Execution Plan [13]. The WBS dictionary is under change control. After
achieving the Key Performance Parameters, the Project Manager will request acceptance
and approval of CD-4. The Key Performance Parameters are those that demonstrate
functionality of the system while achievement of beam parameters required for the
experimental program will be obtained after routine tuning and operation of the
accelerator complex.

Two sets of KPPs have been defined. A set of Threshold parameters define the minimum
acceptable performance for CD-4 while a set of Objective parameters define the desired
outcome. The Objective KPPs are costed in the performance baseline.

2.6 Cost and Schedule

The Mu2e Project cost was developed from a bottoms-up, resource-loaded cost and
schedule developed in Primavera P6. The total Project cost for Mu2e is $271M. The cost,
broken down by Level 2 subsystem, is shown in Table 2.2.

The overall estimate uncertainty for the technical component of the Project (not counting
the Level-of-Effort Project Management tasks) is 37%. The contingency is a combination
of design maturity, applied activity-by-activity, and a statistical evaluation of risks and
opportunities [14]. A Tier 0 milestone schedule to construct Mu2e is shown in Table 2.3.
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24 months of programmatic float has been added to the estimated Project completion date
to arrive at a CD-4 milestone.

Table 2.2. The Mu2e Total Project Cost, by level 2 subsystem. Costs are fully burdened and
escalated into actual year $k. Estimate uncertainty percentage is for the work remaining.
Completed work has an estimate uncertainty of 0%. Work performed is through September 2014.

Performed ETC Estimate % EU on Total
Uncertainty ETC

Project 9,447 11,221 860 8% 21,528
Management
Accelerator 11,533 29,272 8,619 29% 49,424
Conventional 2,470 18,775 3,462 18% 24,707
Construction
Solenoids 21,307 66,661 20,867 31% 108,835
Muon Beamline 4,353 15,214 5,454 36% 25,021
Tracker 3,020 8,503 3,204 38% 14,727
Calorimeter 520 4,407 1,113 25% 6,040
Cosmic Ray Veto 1,926 4,847 1,645 34% 8,418
Trigger & DAQ 1,789 3,011 963 32% 5,763
Rlsk-.based 6537
Contingency 6537
Total 56,366 161,910 52,724 33% 271,000

Table 2.3 Preliminary CD Milestone Schedule. Note that satisfying the Key Performance
Parameters is not a CD milestone but is added to provide context for the CD-4 milestone.

Major Milestone Events Preliminary Schedule
CD-0 (Approve Mission Need) 1 Qtr, FY10 (A)
CD-1 (Approve Alternative Selection and Cost Range) 39Qtr, FY12 (A)
CD-3a (Approve start of Long-Lead Procurement) 39Qtr, FY 14 (A)
CD-2 (Approve Performance Baseline) 1" Qtr, FY15
CD-3b (Approve start of Phased Construction/Fabrication) 1" Qtr, FY15
CD-3c¢ (Approve start of Construction) 2¢Qtr, FY16
Key Performance Parameters Satisfied 1% Qtr, FY21
CD-4 (Includes 24 months of programmatic float) 1 Qtr, FY23
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3  Muon to Electron Conversion

3.1 Physics Motivation

Before the discovery of neutrino oscillations, it was generally understood that lepton
flavor changing processes were forbidden in the Standard Model (SM) and that the lepton
flavor numbers L., L, and L, were conserved. Since neutrinos were taken to be massless,
the mass matrices for the charged leptons and the charged-current weak interactions
could be simultaneously diagonalized. Neutrino oscillations are, however, prima facie
evidence of mixing between lepton families, and are manifestly lepton flavor-violating
(LFV) processes. This will be the case as well for any model having a mechanism for
generating neutrino masses. The rate at which LFV processes occur in the neutrino
sector is constrained by the measured neutrino mixing parameters, but the rate at which
charged lepton flavor violation (CLFV) occurs is model-dependent and can vary over
many orders of magnitude. For example, in the minimal extension to the Standard Model,
in which neutrino masses are generated by introducing three right-handed SU(2) singlet
fields and three new Yukawa couplings [1], the CLFV process 4 N — e N can occur
only through loop diagrams whose amplitudes are proportional to (Amzij /M,?)* where
Amzjj is the mass-squared difference between the i and j* neutrino mass eigenstates.
Because the neutrino mass differences are so small relative to M,,, the rates of CLFV
decays in this modified version of the SM are effectively zero (e.g., < 10 for both u"
—e'yand ' N — e N). Many New Physics (NP) models, however, predict significant
enhancements to CLFV rates, and in particular to that of the muon to electron conversion
process. Many well-motivated physics models predict rates for CLFV processes that are
within a few orders of magnitude of the current experimental bounds. These include the
MSSM with right-handed neutrinos, SUSY with R-parity violation as well as models with
leptoquarks, new gauge bosons, large extra-dimensions, and a non-minimal Higgs sector
[2]. The Mu2e experiment, with a single-event sensitivity of a few 10™' for the ratio of
U N — e N conversions to conventional muon capture, has real discovery potential over
a wide range of New Physics models and may prove to be a powerful discriminant among
models.

3.1.1 Charged Lepton Flavor Violation — Model Independent Searches

There is an active global program searching for CLFV processes using rare decays of
muons, taus, kaons, and B mesons. The ratio of rates among various CLFV processes is
model-dependent and varies widely, depending on the underlying physics. It is therefore
important to pursue experiments sensitive to different processes in order to elucidate the
mechanism responsible for flavor-violating effects. Because of the existence of intense
muon sources, the most stringent limits currently come, and will continue to come, from
the muon sector. There are three rare muon processes that stand out: u" —e'y,
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U —eee and ' N— e N, with i’ N — e N offering the greatest potential sensitivity.
Searches for these processes have thus far yielded only upper limits on the corresponding
rates. The current experimental limits (all at 90% CL) on the branching ratios are:
BR(u —e" y)< 5.7x10°" [3], BR(u'—e'e’e’) < 1.0x10 * [4], and R,(Au) (u—e
conversion on gold) < 7x10 " [5], where R is the conversion rate normalized to the
capture rate. In the coming decade significant improvement is expected in the sensitivity
of searches for all three processes.

The MEG experiment [3] at PSI has already reached a limit of 5.7x10 " for the
branching ratio of 1" —e"y and is currently being upgraded to an expected sensitivity of
6x10'* [6]. Mu2e at Fermilab, as well as the COMET [7] experiment at JPARC, aims at
sensitivities of 107'° = 107" on R (Al). These two processes have complementary
sensitivity to New Physics effects; results from both are important in untangling the
underlying physics. To illustrate this, one can estimate the sensitivity of a given CLFV
process in a model-independent manner by adding two qualitatively different lepton-
flavor-violating effective operators to the Standard Model Lagrangian parameterized by
A, the effective mass scale of New Physics, and x, a dimensionless parameter that
controls the relative contribution of the two terms [8]:

m “v 4 = oA
Loppy= (1+K)/12 s Ol F (1+K‘)A2 .y, L{ Y 7.7, J

q=u,d

Most New Physics contributions to muon to electron conversion and y° —e'y are
accounted for in these two classes of effective operators. If x<< I, the first term, a
flavor-changing magnetic moment operator, is dominant. If xk>> 1, the second term, a
four-fermion interaction operator, is dominant. Simply put, the first term arises from
loops with an emitted photon and can mediate all three rare muon processes. The photon
is real in u" —eyand virtual iny N —e Nand y' —e'e’e . The second term includes
contact terms and a variety of other processes not resulting in an on-mass-shell photon.
Therefore, the 4 N —e N and y" —e'e’e processes are sensitive to New Physics
regardless of the relative contributions of the first and second terms. The New Physics
scale, A, to which these two processes are sensitive is shown as a function of xin Figure
3.1 and [8]. The projected sensitivity of the MEG experiment will probe Avalues up to
1000 - 2000 TeV for k<< 1, but has little sensitivity for k>> 1. The projected sensitivity
of the Mu2e experiment will probe A values from 2000 to nearly 10,000 TeV over all
values of k. It is important to emphasize that these effective operators provide a general
description of most New Physics scenarios in which large CLFV effects might appear in
1 —e'ydecay and 4 N —e N conversion; the conclusions on relative sensitivity are
generically true. Thus the Mu2e experiment’s sensitivity in the range of 107'°— 107"’
remains relevant and important in all outcomes of MEG. If MEG observes a signal, then
Mu2e should as well; the ratio of measured rates can then be used to simultaneously
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constrain A and x (determining which types of new physics models are favored). A null
result from MEG does not preclude a Mu2e discovery, since the New Physics may lead to
effective interactions to which the " — ey process is largely insensitive.

It is important to emphasize that Ais an effective mass scale and not immediately
comparable to the mass scale reach of direct searches, such as those at the LHC. In the
case of the magnetic moment interaction, A is related to the mass M of the new particles
via a loop factor and the new couplings g of the new interactions, e.g. 1/A*~g’e/(16m°M ?),
where e is the electromagnetic coupling. In the case of the four-fermion operator, A could
be more directly related to the masses of the new particles, e.g., 1/A*~g”/M".
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____________ CR(uN— eN on Au) <6x10

1,000 - MEG

excluded
SINDRUM-II

500

-1
BR(p— ey)< 5.7x10

excluded
MEG

0 0.1 I 10 100

Figure 3.1. The sensitivity to the scale of new physics, A, as a function of x, for a muon to
electron conversion experiment with a sensitivity in the range of 107" — 107" is compared to that
for a muon-to-electron-gamma experiment with a sensitivity in the range of 107 — 10™'*. See the
text for a definition of k. The current and projected exclusion regions of parameter space for
H—ey are indicated by red contours, those for yi—e conversion by blue contours.
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3.1.2 Specific Models of CLFV

All models of new physics at the electroweak scale constructed to address outstanding
issues in particle physics — the origin of the dark matter, the gauge hierarchy problem, etc.
— contain CLFV effects at different levels. Some predict that CLFV processes are rare,
while others are already severely constrained by existing CLFV bounds and would be
ruled out if CLFV effects are not observed in the near future. We discuss some specific
examples below.

An SO(10) Type I See-Saw Grand Unified Model

Supersymmetric versions of the Standard Model with weak-scale supersymmetry
(SUSY)-breaking parameters are very popular extensions of the SM that address the
gauge hierarchy problem and naturally accommodate a dark matter candidate. Very often,
they also lead to large rates for CLFV processes. Concrete predictions depend on the
mechanism behind SUSY breaking and other phenomenologically well-motivated
assumptions. As an example, the model discussed in detail in [9] and [10] allows one to
compute the 4 N —e N rate in titanium as a function of SUSY breaking parameters in
the context of an SO(10) SUSY GUT model with very massive right-handed neutrinos,
after one considers different hypothesis for the neutrino Yukawa couplings (“PMNS-like”
or “CKM-like”). This recent study takes into account the light Higgs mass, the recently
observed value of 0,3, and recent limits on LHC searches for superpartners [10].

Figure 3.2 shows that Mu2e and potential upgrades will be able to test most of the
PMNS-like parameter space, particularly for large tanf, and will be able to explore a
portion of the CKM-like parameter space.
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Figure 3.2. Muon Conversion Rate CR(y—e in Ti) versus BR(u —e7) for the PMNS case in
mSUGRA (red), the Non-Universal Higgs Mass (green) and the CKM case (blue). The left plot is
for tanf3=10 and the right for tanf8=40. The different horizontal and vertical lines correspond to A
Scalar Leptoquark Model
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Scalar leptoquarks

Models with scalar leptoquarks at the TeV scale can, through top mass enhancement,
modify the 4 — e conversion rate and BR(u — e)p while satisfying all known
experimental constraints from collider and quark flavor physics [11]. Figure 3.3
compares the reach in the new coupling A for a range of scalar leptoquark masses for the
U— e conversion rate with the sensitivity of Mu2e and BR(u —e?) at the sensivity of the
MEG upgrade.

5%107
4%107°
~ 3%x107°
2x107°

1070

0 1 1 1 1
0 50 100 150 200

my[TeV]

Figure 3.3. The combination of couplings A from Eq. (14) of [11] as a function of the scalar
leptoquark mass for the y— e conversion rate (CR) in Al at the sensitivity of Mu2e and the
branching fraction BR(u —e7) at the sensitivity of the MEG upgrade (courtesy B. Fornal). The
shaded region consists of points that do not satisfy a naturalness criterion defined in Eq. 7 of [11].

Flavor-violating Higgs decays

One of the highest priorities in particle physics is to study the newly discovered Higgs
boson, and measure all of its properties. Non-standard flavor-violating decays of the
125 GeV Higgs to quarks and leptons are a very interesting probe of New Physics [12].
Constraints from CLFV on new interactions that lead to 4 — e, et, Ut severely

outweigh the sensitivity of collider experiments. Current {t— e conversion (see Figure
3.4) implies ./IZ,6|2+|};,\2 < 46 x 10°; Mu2e is expected to be sensitive to
|1§,e|2+|);,|2 > few x 107. In these types of scenarios, constraints involving muon

couplings are substantially stronger than those involving 7 couplings.
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Figure 3.4. Constraints on the flavor-violating Yukawa couplings [Yeyu|, |Yue| for a 125 GeV Higgs

boson [12]. The diagonal Yukawa couplings are approximated by their SM values. Thin blue
dashed lines are contours of constant BR for # — ue, while the thick red line is the projected
Mu2e limit.

Left-Right Symmetric Models

Left-right symmetric models are attractive extensions of the Standard Model that restore
parity at short-distances, are potential remnants of grand unification at very short-
distances, and allow one to build potentially testable neutrino mass models. A recent
study [13] discusses predictions of left-right models assuming the new breaking scale is
around 5 TeV. The expected rates for muon-to-electron conversion and u — ey are
correlated and expected to lie within the sensitivity reach of both the MEG upgrade and
Muz2e, as depicted in Figure 3.5. If this model is correct, the observation of y — ey with
a branching ratio of 10" would imply a muon-to-electron conversion rate around of 10™*
and many hundreds of events in the Mu2e experiment.

3.1.3 CLFYV and Neutrino Masses

In spite of the fact that neutrino oscillations imply CLFV, measurements of neutrino
oscillation processes do not allow us to reliably estimate the rate for the various CLFV
processes. The reason is that while neutrino oscillation phenomena depend only on
neutrino masses and lepton mixing angles, the rates for the various CLFV processes
depend dramatically on the mechanism behind neutrino masses and lepton mixing,
currently unknown. Different neutrino mass-generating Lagrangians lead to very different
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rates for CLFV. The observation of CLFV, therefore, will potentially provide vital
information when it comes to revealing the physics responsible for neutrino masses.

10-12[SINDRUM-II Au 1
10713+ ;

s , O
2 :1; 107144 ° o E .

x S =
1071 E ]
10710F T eI

10|—14 ml—13 ml—l?
BR(u—-ey)

Figure 3.5. Correlation between the branching ratio for 4 — ey and the muon-to-electron
conversion rate in gold in a left-right symmetric model. See [13] for details. The red and magenta
shaded regions are constrained by MEG [3] and SINDRUM-II [5], respectively and the vertical
and horizontal dashed lines indicate projected limits from the MEG upgrade and Mu2e/COMET,
respectively.

The same physics that determines the pattern of the leptonic mixing matrix may also
influence the relative rates of different CLFV process. In the case of purely Dirac
neutrinos, for example, the ratio of 4— ey to 7 — uy is completely determined in terms
of known neutrino mixing parameters and is (approximately) proportional to
tan’6;3/ cos’ 03 ~ 1/20. Two concrete examples are discussed below of the interplay
between neutrino observables, the physics responsible for neutrino masses, and CLFV.

In the MSSM with MSUGRA boundary conditions, as discussed earlier, large CLFV
rates are a consequence of the seesaw mechanism. In more detail, neutrino Yukawa
couplings lead to off-diagonal mass-squared parameters for the scalar leptons (for a
detailed discussion see, for example, [15]). Hence, CLFV processes probe some
combination of the neutrino Yukawa couplings and the right-handed neutrino masses,
providing non-trivial information regarding the neutrino mass sector (this statement is
very dependent on the physics of SUSY breaking, which must be well understood). A
different linear combination of Yukawa couplings and heavy masses determines the
observed active neutrino masses. Combined, CLFV, SUSY searches, and neutrino
experiments allow one to begin to reconstruct the physics responsible for nonzero
neutrino masses. Knowledge of this physics is fundamental when it comes to determining
whether leptogenesis [16] is the mechanism responsible for the matter—antimatter
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asymmetry of the universe. For a concrete example, see [17]. If thermal leptogenesis is
ever to be tested experimentally, CLFV will certainly play a fundamental role [18].

In the case discussed above, the relation between neutrino mixing parameters and CLFV
is indirect. There are scenarios where the neutrino masses and the lepton mixing angles
can be directly related to the rates of several CLFV processes, including models of large
extra-dimensional Dirac neutrinos [19], and models where neutrino Majorana masses are
a consequence of the existence of SU(2) triplet Higgs fields. Figure 3.6 from [20] depicts
the rate for different muon CLFV processes as a function |Ue| cos 9, for different
hypothesis regarding the neutrino mass ordering (normal or inverted) [20]. Here |Ue;| =
sin@y3 ~ 0.15 is the “reactor” mixing angle and 9 is the “Dirac” CP-odd phase that can be
measured in next-generation neutrino oscillation experiments. The overall expectation for
the transition rates depends on parameters external to the neutrino mass matrix, like the
triplet mass and vacuum expectation value. The combination of data from neutrino
oscillation experiments, high energy collider experiments (like the LHC) and CLFV
should ultimately allow one to thoroughly test particular Higgs triplet models and, if
these turn out to be correct, unambiguously reveal the physics behind neutrino masses.

Normal Neutrino Mass Hierarchy Inverted Neutrino Mass Hierarchy

10-12 1072~ —
1013 1013

1014} 1014)
n:o% ) 11]0-15

10-16 1016

1017 1017

|Ueslcos & |Ugslcos &

Figure 3.6. The branching ratios B for 4 — e (solid line) and ¢ — eee (dashed line), and the
normalized capture rate B for u — e conversion in Ti (dotted line) as a function of |U;| cosdin a
scenario where neutrino masses arise as a consequence of the presence of a triplet Higgs field
with a small vacuum expectation value. The lightest neutrino mass is assumed to be negligible
while the neutrino mass hierarchy is assumed to be normal (left-hand side) and inverted (right-
hand side). See [20] for details.

3.14 Negative muon to positron conversion

The Mu2e set-up allows for the concurrent search of muon to positron transitions:
U+ (Z, A) — e + (Z-2, A). These are lepton-flavor and lepton-number violating
processes that are guaranteed to occur if neutrinos are Majorana fermions, not unlike
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searches for neutrinoless double-beta decay. Like CLFV processes, the expected rates for
muon-to-positron transition are very dependent on the mechanism behind neutrino
masses. Unlike CLFV, muon-to-positron conversion directly tests the physics responsible
for lepton number violation, and any observation of muon-to-positron conversion implies
that neutrinos are Majorana fermions.

In the standard high-energy seesaw picture, the expected rate of muon-to-positron
conversion is tiny, proportional to the square of the e-u element of the neutrino mass
matrix, meﬂzzizl’mUdU M <1 eV, where m; are the neutrino masses and U are the
elements of the leptonic mixing matrix. While bounds from neutrinoless double-beta
decay are, naively, much more constraining, the e-u character of the muon-to-positron
transition provides independent information. For more details see, for example, [14].
Current bounds on muon-to-positron transitions are competitive with those from rare
kaon decays. Mu2e should provide, absent a discovery, bounds that are several orders of
magnitude more stringent.

3.1.5 Charged Lepton Flavor Violation in the LHC Era

By the time the next generation of CLFV experiments reach their target sensitivities, the
LHC experiments are expected to have analyzed many fb"' of data collected at center-of-
mass energies of 7 to 14 TeV, thus exploring New Physics at the TeV scale. The
importance and impact of pursuing next generation CLFV experiments is independent of
what the LHC data might reveal over the next several years. As discussed in the previous
sections, these and other ultra-rare processes probe New Physics scales that are
significantly beyond the direct reach of the LHC, and thus may offer the only evidence of
New Physics phenomena should it lie at mass scales significantly above the TeV range.
A more optimistic scenario would assume New Physics discoveries at the LHC do occur
and ask to what degree do measurements of CLFV processes complement the LHC
experiments? The LHC experiments do not, aside from specially-tuned cases, have
sensitivities to CLFV processes that approach that of next-generation u” — ¢ yand u N
— e N experiments. Thus, Mu2e probes the underlying physics in a unique manner with
a sensitivity that is significantly better than any other CFLV process can hope to
accomplish on a similar timescale. Moreover, many of the new physics scenarios for
which the LHC has discovery potential predict rates for 4 N —e N in the discovery
range for Mu2e (i.e., larger than 107'®). The points that make up Figure 3.2, for example,
correspond to scenarios in which the LHC would discover new phenomena. We have
only examined a few specific models here, but the results are representative of the power
of muon-to-electron conversion. It is generally understood that an experiment sensitive to
U N —e N rates at the level of 107'° to 10™"7 would have discovery potential that
overlaps the parameter space to which the LHC is sensitive and would help constrain that
parameter space in a manner complementary to what the LHC experiments can
accomplish on their own [1].
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3.2 Signal and Backgrounds for Muon Conversion
Experiments

The conversion of a muon to an electron in the field of a nucleus is coherent: the muon
recoils off the entire nucleus and the kinematics are those of two-body decay. The mass
of a nucleus is large compared to the electron mass so the recoil terms are small. A
conversion electron is therefore monoenergetic with energy slightly less than the muon
rest mass (more detail is given below). The muon energy of 105.6 MeV is well above the
maximum energy of the electron from muon decay (given by the Michel spectrum) at
52.8 MeV; hence, the vast majority of muon decays do not contribute background,
subject to an important qualification for negative muons bound in atomic orbit, as
discussed below. This distinctive signature has several experimental advantages including
the near-absence of background from accidentals and the suppression of background
electrons near the conversion energy from muon decays.

When a negatively charged muon stops in a target it rapidly cascades down to the 1S state
[21]. Capture, decay or conversion of the muon takes place with a mean lifetime that has
been measured in various materials and ranges from less than ~100 ns (high-Z nuclei) to
over 2 us (low-Z nuclei) [22]. Neutrinoless conversion of a muon will produce an
electron with an energy that is slightly less than the rest mass of the muon and depends
on the target nucleus:

E.=m,¢’ - By(Z) - C(A),

u

where Z and A are the number of protons and nucleons in the nucleus, B, is the atomic

u
binding energy of the muon and C(A) is the nuclear recoil energy. In the case of muonic
aluminum, the energy of the conversion electron is 104.97 MeV and the muon lifetime is

864 ns [22]. An electron of this energy signals the conversion.

At the proposed Mu2e sensitivity there are a number of processes that can mimic a muon-
to-electron conversion signal. Controlling these potential backgrounds drives the overall
design of MuZ2e. These backgrounds result principally from five sources:

1. Intrinsic processes that scale with beam intensity; these include muon decay-in-
orbit (DIO) and radiative muon capture (RMC).

2. Processes that are delayed because of particles that spiral slowly down the muon
beam line, such as antiprotons.

3. Prompt processes where the detected electron is nearly coincident in time with the
arrival of a beam particle at the muon stopping target (e.g. radiative pion capture,
RPC).
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4. FElectrons or muons that are initiated by cosmic rays.
5. Events that result from reconstruction errors induced by additional activity in the
detector from conventional processes.

A free muon decays according to the Michel spectrum with a peak probability at the
maximum energy at about half the muon rest energy (52.8 MeV) and far from the 105
MeV conversion electron energy. If the muon is bound in atomic orbit, the outgoing
electron can exchange momentum with the nucleus, resulting in an electron with a
maximum possible energy (ignoring the neutrino mass) equal to that of a conversion
electron, however with very small probability. At the kinematic limit of the bound decay,
the two neutrinos carry away no momentum and the electron recoils against the nucleus,
simulating the two-body final state of muon to electron conversion. The differential
energy spectrum of electrons from muon decay-in-orbit falls rapidly as the energy
approaches the endpoint, approximately as (Ecndpoint - E.)’. The spectrum of electron
energies that results from muon decays in orbit in aluminum, our target of choice, is
illustrated in Figure 3.7 where the most prominent feature is the Michel peak. As
described above, the nuclear recoil slightly distorts the Michel peak and gives rise to a
small tail that extends out to the conversion energy. Because of the rapid decrease in the
DIO rate as the electron energy approaches the endpoint, the background can be
suppressed through adequate resolution on the electron momentum. To reduce the DIO
background, the central part of the energy resolution function must be narrow and high
energy tails must be suppressed. This depends on the intrinsic resolution of the tracker
detector as well as the amount of material traversed by conversion electrons.
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Figure 3.7 The electron energy spectrum from muon decay-in-orbit in aluminum. The recoiling
nucleus results in a small tail (inset) that extends out to the conversion energy.
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To date, there have been no experimental measurements of the DIO spectrum with
sufficient sensitivity near the endpoint energy. The rate is very low and therefore far
more stopped muons than in previous experiments are required to see it. The shape of the
spectrum near the endpoint is dominated by phase space considerations that are generally
understood but important corrections to account for nuclear effects must also be included.
The veracity of these corrections is untested by experiment. However, a number of
theoretical calculations of the DIO spectra of various nuclei have been done over the
years, in particular a recent one by Czarnecki, et a/ [23]. The uncertainty in the rate
versus energy near the endpoint is estimated at less than 20%.

Radiative muon capture (RMC) on the nucleus (u Al —yv Mg) is an intrinsic source of
high energy photons that can convert to an electron-positron pair in the stopping target or
other surrounding material, producing an electron near the conversion electron energy.
Photons can also convert internally. These internal and external rates, by numerical
accident, are approximately equal for the Mu2e stopping target configuration. Radiative
muon capture can produce photons with an endpoint energy close to the conversion
electron energy but shifted because of the difference in mass of the initial and final
nuclear states. Ideally, the stopping target is chosen so that the minimum masses of
daughter nuclei are all at least a couple of MeV/c” above the rest mass of the stopping
target nucleus, in order to push the RMC photon energy below the conversion electron
energy; for aluminum the RMC endpoint energy is 101.9 MeV, about 3.1 MeV below the
conversion electron energy. The shape of the photon spectrum and the rate of radiative
muon capture are not well known for medium mass nuclei and experiments have not had
enough data to observe events near the kinematic endpoint. The electrons that result
from photon conversions cannot exceed the RMC kinematic endpoint for the energy of
the radiated photon, so the planned energy resolution of the conversion peak (on the order
of 1 MeV FWHM including energy straggling and tracking uncertainties) can render this
background negligible.

Most low-energy muon beams have significant pion contamination. Pions can produce
background when they are captured in the stopping target or surrounding material and
produce a high energy photon through radiative pion capture (RPC):

TN—>yN

RPC occurs in 2.1% of pion captures for an aluminum target [24]. The kinematic
endpoint is near the pion rest mass energy with a broad distribution that peaks at about
110 MeV. If the photon then converts in the stopping material, one sees an electron-
positron pair and in the case of an asymmetric conversion, the outgoing electron can be
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near the conversion energy, thus appearing to be a conversion electron. In addition, the
photon can internally convert:

7N —>ete N

and by numerical accident, the internal and external conversion rates are about equal.
Thus electrons resulting from photon conversions, both internal and external, can produce
background. RPC background can be suppressed with a pulsed proton beam: the search
for conversion electrons is delayed until virtually all pions have decayed or annihilated in
material. Beam electrons near the conversion energy that scatter in the target, along with
the in-flight decay of a muon or pion in the region of the stopping target are other
examples of prompt backgrounds.

Cosmic rays (electrons, muons, photons) are a potential source of electrons near the
conversion electron energy. If such electrons have trajectories that appear to originate in
the stopping target they can fake a muon conversion electron. Identifying an incoming
cosmic ray particle can reject these events. Passive shielding and veto counters around
the spectrometer and particle identification help to suppress this background. Note that
this background scales with the experiment’s live time rather than with beam intensity.

Track reconstruction can be affected by other activity in the detector, causing tails in the
energy resolution response function that can move low-energy DIO electrons into the
signal momentum window. Additional activity in the detector primarily originates from
the muon beam, from multiple DIO electrons within a narrow time window, and from
muon capture on a target nucleus that results in the emission of photons, neutrons and
protons. The protons ejected from the nucleus following muon capture have a very small
kinetic energy and are highly ionizing, so the large pulses they leave behind in tracking
detectors can shadow hits from low energy electrons, potentially adding to the likelihood
of reconstruction errors. Ejected neutrons can be captured on hydrogen or other atoms
and produce low-energy photons. Low-momentum electrons can be created in the tracker
by photons that undergo Compton scattering, photo-production, or pair production, and
by delta-ray emission from electrons and protons. Because of the low mass of the tracker,
these electrons can spiral a considerable distance through the detector before they range
out, generating a substantial number of in-time hits. Electron-generated hits caused by
neutron-generated photons are the most common and difficult to remove form of
background activity. Our simulations include this additional activity and its effect on the
momentum resolution tails is included in the background estimates described below. The
rate of background activity scales linearly with beam intensity. Systematic uncertainties
are assigned to account for the uncertainties in the rate of this background activity. The
momentum resolution tails are controlled through careful design of the detector and
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reconstruction software, and by using estimates of track reconstruction quality when
selecting physics samples.

3.3 Previous Muon Conversion Experiments

Since the time of the discovery of the muon there has been a rich history of searches for
charged lepton flavor violation [25]. Experiments using muons to search for charged-
lepton-flavor violation are some of the most promising. They have been constructed to
search for muons decaying into an electron and a gamma (u— ey), muons decaying into
three electrons (W' — e'e’e’), and the coherent muon to electron conversion process in
nuclei (WN — eN). The present constraints (at 90% CL) from these CLFV searches
using muon decay are Br(p— ey) < 5.7 x 107" [3], Br(n'— e'ee’)< 1 x 107'* [4] and
from muon to electron conversion Rye <7 x 10" [5]. Searches in p— ey, p'— e'ee’,
and p'N — e'N are complimentary in that their sensitivity to CLFV is different depending
on the underlying new physics model [8]. In fact, if a signal of charged lepton flavor
violation is observed, then the relative rates of p— ey, p'— e'e’e’, and uN — e N can
constrain the underlying physics responsible for the observed CLFV interactions.

Steinberger and Wolfe first searched for muon to electron conversion in 1955 [26].
Many other searches have been performed since ([27] - [33]). The techniques employed
in the most recent experiments are particularly noteworthy and provide important input
for the design of more sensitive experiments such as MuZ2e.

In 1988 a search for muon to electron conversion was performed at TRIUMF [33]. A 73
MeV/c muon beam was stopped in a titanium target at a rate of 10° " /sec. A hexagonal
time projection chamber located in a uniform 0.9 Tesla axial field was used to measure
the energy of electrons. Scintillation counters were used to tag those electron candidates
coincident with the arrival of a particle at the stopping target as prompt background. No
events were observed with energies consistent with the muon-to-electron conversion
hypothesis. However, nine events with momenta exceeding 106 MeV/c were observed.
The source of these events was thought to be cosmic rays, a hypothesis that was later
confirmed in a separate experiment that measured the cosmic ray induced background
with the beam turned off. The limit from the TRIUMF search was 4.6 x 10™'% (90% CL).

The 1993 SINDRUM II experiment, performed at PSI, focused negative muons with a
momentum of 88 MeV/c and an intensity of 1.2 x 10’ p’/sec on a Titanium target [34].
During a 25 day run a total of 4.9 x 10'* muons were stopped. The electron energy was
measured with a spectrometer inside a superconducting solenoid with a 1 Tesla field. The
spectrometer consisted of several cylindrical detectors surrounding the target on the beam
axis. Two drift chambers provided the tracking while scintillation and Cerenkov
hodoscopes were used for the timing of the track elements and electron identification. A
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scintillation beam counter in front of the target helped to recognize prompt background
electrons produced by radiative capture of beam pions or beam electrons scattering off
the target. The pion contamination was reduced by a factor of 10° by passing the beam
through a thin moderator that reduced the muon flux by 30%. The few surviving pions
had very low momenta and a simulation showed that ~ 99.9% of them decayed before
reaching the target. Electrons from radiative pion capture in the moderator could reach
the target and scatter into the detector solid angle. This background was easily recognized
since it was strongly peaked in the forward direction and had a characteristic time
correlation with the cyclotron RF. The electron spectrum agreed well with the predictions
for muon decay-in-orbit. No events were observed with energies consistent with the
muon-to-electron conversion hypothesis resulting in a limit of 4.3 x 107> (90% CL).

In 2000 SINDRUM I performed a new search for muon to electron conversion using a
53 MeV/c muon beam and a gold target [5]. The conversion energy for gold is 95.6 MeV.
During a 75-day live time 4.4 x 10" muons were stopped. After removing forward
prompt events, the electron spectrum was well described by muon decays in orbit and no
events were observed in the signal region. One electron event, thought to be pion
induced, was identified at higher energy. A final limit on muon to electron conversion in
gold was set at 7 x 107"% (90% CL).

3.4 Overview of Mu2e

Previous muon to electron conversion experiments have not observed events in the signal
region, though events at higher energies have been observed and attributed to pion
background and cosmic rays. Based on these results there would appear to be
considerable room for improvement for an experiment with sufficient muon intensity,
momentum resolution and rate capability so long as prompt backgrounds and cosmic rays
are controlled. Mu2e proposes to improve on previous measurements by a factor of
approximately 10,000 by deployment of a highly efficient solenoidal muon beam channel
and a state-of-the-art detector combined with the power and flexibility of Fermilab’s
accelerator complex. The major improvements implemented for Mu2e that make this
significant leap in sensitivity possible are discussed below. The Mu2e apparatus is shown
in Figure 3.8.

An integrated array of superconducting solenoids forms a graded magnetic system that
includes the Production Solenoid, the Transport Solenoid and the Detector Solenoid. The
Production Solenoid contains the Production Target that intercepts an 8 GeV kinetic
energy, high intensity, pulsed proton beam. The S-shaped Transport Solenoid transports
low energy W from the Production Solenoid to the Detector Solenoid and allows
sufficient path length for a large fraction of the pions to decay to muons. Additionally,
the Transport Solenoid attenuates nearly all high energy negatively charged particles,
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positively charged particles and line-of-sight neutral particles. The upstream section of
the Detector Solenoid houses the muon stopping target and has a graded magnetic field.
The graded field increases the acceptance for conversion electrons and plays a key role in
rejecting beam-related backgrounds. The downstream section of the Detector Solenoid
has a nearly uniform field in the region occupied by the tracker and the calorimeter.

Detector

Production Stopping Targets Solenoid

Solenoid Proton Beam

R e
7 ‘~.ﬁ--i-
= &« & ——

Production Target Calorimeter

Figure 3.8. The proposed MuZ2e apparatus. Shielding and the Cosmic Ray Veto that surround the
Detector Solenoid, absorbers inside the Detector Solenoid, and the extinction and stopping target
monitors are not shown.

The tracking detector is made from low mass straw tubes oriented transverse to the
solenoid axis. The momentum resolution is dominated by fluctuations in the energy lost
in the stopping target and proton absorber, by multiple scattering, and by bremsstrahlung
of the electron in the tracker. The calorimeter consists of about 1900 crystals arranged in
two disks oriented transverse to the solenoid axis. The calorimeter provides timing and
energy information important for providing a fast trigger and efficient particle
identification. The tracker and calorimeter are discussed in detail later in this report.

To increase the sensitivity to muon-to-electron conversion by a factor of 10,000 the
intensity of stopped muons will be increased to about 1.5 x 10'® Hz. This significant
increase in stopped muons is achieved by placing the production target in a graded
solenoidal field that varies from 2.5 — 4.6 Tesla. A proton beam enters the Production
Solenoid moving in the direction of increasing field strength, opposite the outgoing muon
beam direction and away from the detectors. A large fraction of the confined pions decay,
producing muons. The graded field steadily increases the pitch of the muons, effectively
accelerating them into the lower field of the Transport Solenoid that transports negatively
charged muons within the desired momentum range to the stopping target.' The MuSIC
R&D effort at Osaka University has validated this approach, demonstrating the principle
of high muon yields from a target in a superconducting solenoid for the first time [38].

" This overall scheme was first suggested by Djilkibaev, Lobashev and collaborators in an earlier proposal
called MELC [35] and subsequently adopted in the BNL MECO proposal. Proponents of the muon collider
have subsequently adopted their ideas for muon collection in graded solenoids [36][37].
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For the Mu2e system, using the QGSP-BERT model of particle production in a GEANT4
simulation, the resulting efficiency is ~0.0019 stopped muons per incident proton.

The SINDRUM method of using beam counters to tag and veto prompt backgrounds can
no longer be used at the rates required for Mu2e. Those prompt backgrounds are
dominated by pion-capture processes in the stopping target. The relevant timescale was
the pion lifetime of 26 nsec. The PSI beam of SINDRUM and SINDRUM-II was a
continuous stream of short beam bursts every 20 nsec. Therefore the timescales are
comparable and this process limited the experiment. Instead of relying on beam veto
counters, we plan to use a pulsed beam with a large separation between pulses compared
to the pion lifetime. With such a beam one can wait for pions to decay or interact in
matter and thereby largely eliminate the pion-capture background. Since the muon
lifetime in a stopping target like Al is long (864 nsec) the loss of muons is acceptable if
the time between pulses is about twice the muon lifetime and one simply waits for the
pions to decay. Mu2e will therefore search for conversion electrons between proton
pulses during times when the flux of particles in the secondary muon beam is relatively
low and after the pion-capture process has been reduced by about 10°. Fermilab provides
a nearly perfect ring for such an experiment. The Fermilab Debuncher, unused in the
post-collider era, will be re-purposed (and renamed the Delivery Ring). It will supply a
single circulating bunch that will be slow-extracted, providing a pulsed beam to Mu2e
every cyclotron period of 1695 nsec for 8 GeV protons. This circumference of 1695 nsec
is about twice the muon lifetime in aluminum, and the storage and extraction process can
be made to have little or no beam between pulses. Figure 3.9 shows the beam structure
and the delayed search window.

The muon stopping target will be located in a graded solenoidal field that varies smoothly
from 2.0 to 1.0 Tesla. The active detector will be displaced downstream of the stopping
target in a uniform field region. This configuration increases the acceptance for
conversion electrons, suppresses backgrounds, and allows for a reduction of rates in the
active detector.

The 105 MeV conversion electrons (along with decay-in-orbit electrons from normal
Michel Decay) are produced isotropically in the stopping target. The tracker surrounds a
central region with no instrumentation: the vast majority of electrons from Michel Decay
have radii in the 1 Tesla field that are too small to intercept the tracker and are thus
essentially invisible; the few remaining are a source of background we will discuss at
length. Here, a final gradient field in the region of the stopping target and before the
tracker plays a critical role. Conversion electrons, at 105 MeV, emitted at 90° + 30° with
respect to the solenoid axis (pr > 90 MeV/c) are projected forward and pitched by the
gradient into helical trajectories with large radii that intercept the tracking detector.
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Electrons in this range that emerge from the target in the direction opposite the tracking
detector (upstream) see an increasing magnetic field that reflects them back towards the
detector. In addition to nearly doubling the geometric acceptance for conversion electrons,
the graded field helps to reject background by shifting the transverse momentum of
electrons passing through it. Conversion electrons within the acceptance of the tracker
originate from the stopping target with transverse momenta > 90 MeV/c. The graded
magnetic field shifts the transverse momentum of the conversion electrons into the range
between 75 - 86 MeV/c by the time they reach the tracker. Electrons with a total
momentum of 105 MeV/c that are generated upstream of the stopping target, at the
entrance to the Detector Solenoid, cannot reach the tracking detector with more than 75
MeV/c of transverse momentum because of the effect of the graded field, eliminating
many potential sources of beam-related background.

1,695 ns

Prompt flash

~

Live Search Window

e 700 ns —>l 095 ns ——>| Time

250 nsje—

Figure 3.9. The MuZ2e spill cycle for the proton beam and the delayed search window that allows
for the effective elimination of prompt backgrounds when the number of protons between pulses
is suppressed to the required level. The start time and duration of the search window shown in the
figure is illustrative. The exact delay and duration are optimized to keep pion-capture
backgrounds at a low level.

The detector is displaced downstream of the stopping target in order to:

e reduce the acceptance for neutrons and photons emitted from the stopping target
and to allow space for absorbers to attenuate protons ejected by nuclei as part of
the muon capture process in the stopping target.

e provide a region for the aforementioned gradient field to pitch conversion
electrons into a region of good acceptance. This helps to reduce accidental
activity in the detector from beam particles entering the Detector Solenoid and, as
stated, from the vast majority of electrons from muon decay-in-orbit, which go
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undisturbed through the evacuated center of the tracker and calorimeter. The
extent and gradient of the field, the size of the central evacuated region, and their
geometric locations, are therefore jointly designed to maximize acceptance for
conversion electrons while also greatly reducing decay-in-orbit and beam-related
backgrounds and occupancy.

e reduce activity in the detector from the remnant muon beam, about half the
intensity entering the Detector Solenoid (stopping more of it would require more
stopping material, yielding more accidental activity and smearing out the
conversion peak because of energy loss straggling). The remnant muon beam
enters an absorber (the muon beam stop) designed to minimize albedo that could
increase accidental activity in the detectors.

Shielding and a plastic scintillator based cosmic ray veto (CRV) system surrounds the
Detector Solenoid. Cosmic rays have been a limiting factor in past experiments and the
CRYV is designed to ensure that cosmic-ray-induced backgrounds are a subdominant
background for the Mu2e experiment.

The next section describes the simulation and reconstruction software used and the
selection criteria applied to reduce backgrounds to acceptable levels. We then describe
how the methodology of the Mu2e experiment summarized above will limit the total
background to less than one event and improve the sensitivity to CLFV by several orders
of magnitude relative to past experiments.

3.5 Mu2e Simulation, Reconstruction, and Selection

The known processes that may create backgrounds for muon conversion experiments
were discussed in general in Section 3.2. In this section we describe the simulation and
reconstruction software used to emulate the known background processes and simulate
the detector response. The algorithms used to reconstruct the simulated data are also
described. The selection criteria used to estimate the background yields and conversion
electron acceptance are detailed.

3.5.1 Simulation

A common suite of simulation software is used to compute the background yields and
signal efficiency described below. The simulation is based on the GEANT4 package
[39][40]. Common set-up files are provided that describe the default Mu2e geometry and
materials. Detailed magnetic field maps are produced using the OPERA 3D [41] and
SOLCALC [42] software packages and assuming the nominal conductor geometries and
coil positions. Additional field maps that include variations from the nominal field,
based on the fabrication tolerances for the conductor and coils, are generated. The
additional field maps are used to evaluate systematic uncertainties.
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The geometric description of the setup, illustrated in Figure 3.10, includes details on
multiple scales in a single model. They range from the dirt surrounding the detector hall,
the building walls and shielding, to individual coils of the solenoids, and to the multiple
material layers in the wall of each individual tracker straw. All elements of the muon
beam line are included, the HRS, the production target and its supports, the anti-proton
absorbers, the collimators, the stopping target foils and their supports, and the muon-
beam stop located at the end of the DS. In addition to a detailed description of the straws,
the manifolds and support shells of the tracker are modeled. The front-end readout boards
are represented but the cables and services are not. Since they are located outside the
active region of the tracker, at large radius, we do not expect them to significantly affect
the accidental hit occupancy in the tracker. The calorimeter crystals are represented
separately and the support structure and readout electronics are also modeled. The CRV
model includes the scintillator counters, the aluminum spacers, and the aluminum shell
that forms the outside of the modules.

Figure 3.10 A cut-out view of the GEANT4 model of Mu2e used for the simulation results
reported.

Simulating physics processes

The standard “Shielding” physics list provided with GEANT4 is intended for use by low
background experiments and shielding applications. It uses the Bertini Cascade (BERT)
model for low energy hadron-nucleus interactions and the Fritiof (FTF) model for high
energy hadron-nucleus interactions. The de-excitation of nuclei (P) and the radioactive
decay of long-lived isotopes are included. The high precision modeling of neutron
interactions (HP) is used for neutrons below 20 MeV. The chiral invariant phase space
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model (CHIPS) is used for hyperon and anti-baryon production. For most of the studies
described below we use a custom physics list “Shielding MU2EO01” for which we change
the transition from the Bertini model to the Fritiof model so that it occurs in the 9.5-9.9
GeV range instead of the default 4-5 GeV region. This change improves the agreement
between the simulated pion production cross sections and the HARP data.

When muons stop in our aluminum stopping target, they are captured in an atomic
excited state. They promptly fall to the ground state. For aluminum, about 39% of the
muons will decay in orbit, while the remaining 61% will be captured on the nucleus. The
electrons and photons from the atomic cascade to the ground state are modeled in
GEANT4, but the products of muon decay in orbit and muon nuclear capture are modeled
using custom code. The decay in orbit is modeled using the latest calculations as
described in [23]. The spectra and particle multiplicity for the photons, neutrons, and
protons emitted in the muon nuclear capture process are based on published data. The
custom code is used for muon stopped in our aluminum target. For muon stops in other
locations, the GEANT4 models are used for all aspects. Variations of these models are
investigated as part of the systematic uncertainties.

To make it practical to perform optimizations of the detector and shielding geometry and
materials, the simulations have been subdivided into several stages. The first stage begins
the simulation with 8 GeV protons interacting in the production target and tracks all
resulting particles to the mid-point of the transport solenoid. We save the location,
arrival time, and four-momenta of any particle making it that far. The second stage
begins with the output of the first stage and tracks particles to the entrance of the detector
solenoid. The third stage propagates the surviving particles from stage two through the
upstream portion of the detector solenoid vacuum and records muon and pion stops in the
aluminum stopping target. Particles that intersect the tracker or calorimeter are recorded.
The fourth and final stage describes the complete Mu2e setup and tracks all surviving
particles through the tracker and calorimeter. In this manner we significantly reduce the
amount of CPU necessary to study variations in the tracker, for example, since only the
fourth stage would have to be re-run. This is much faster than re-doing simulations from
primary protons. In addition, the stage approach allows us to employ resampling
techniques where appropriate, significantly increasing the effective statistics of the
sample in a very CPU efficient manner. The cosmic-ray and antiproton background
studies use the same staged technique but with definitions of the specific stages that are
better suited to their particular study. The main physics simulation uses range cuts of 1
mm in stage 1, 100 um in stages 2 and 3, and 10 um in stage 4, which is the only stage
where particles are propagated through the tracker straws. Stages 1 and 2 do not track
electrons below 1 MeV. In the subsequent stages all particles are simulated regardless of
their energy. 2.1x10° primary proton events have been simulated for the main sample,
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which corresponds to about 70 micro-pulses. This is about a factor of 100 more statistics
than available for the Mu2e Conceptual Design Report (CDR) studies.

The protons are modeled as a delta-function with an arrival time at the production target
of t=0. The resulting arrival time of a particle at any given point is later smeared using a
realistic timing distribution for the original proton pulse. This allows us to incorporate
new estimates of the proton pulse shape (e.g. as part of assigning systematic uncertainties
or due to changes in the accelerator beamline design) without having to re-simulate the
samples.

To study detector performance with realistic hit occupancies we produce “mixed” events
in which we model the accidental occupancy in the tracker and calorimeter over 300-
1695 ns of a micro-pulse. All known contributions to the accidental occupancy are
included in the mixed events: the “beam flash™ particles that come through the transport
solenoid or penetrate the detector shielding from the outside, electrons from muon decay
in orbit, the neutrons, photons and protons produced by muon nuclear capture in the
stopping target, and the muon decay and capture products from muons stopped elsewhere
inside the detector solenoid. We start at 300 ns because the occupancies at early times are
prohibitively large. The appropriate timing distribution is used for each source of the
mixed sample and contributions from neighboring micro-pulses are included. This is
primarily important for the neutron contributions since the time it takes for some of the
neutrons to thermalize is long compared to the 1695 ns micro-pulse spacing. Standard
samples of mixed events contain only the accidental occupancy, so that the same mixed
event can be re-used to overlay a signal electron from a conversion event or a track from
any of the background processes in different studies. The arrival time of each particle in
the event overlay is randomized using the appropriate timing distribution for the process
under study. The reconstruction algorithms described below take as input the full mixed
event, and not just the subset that contains the signal event overlay. In this manner the
efficiencies and yields presented include the effects of the accidental occupancy as well
as the effects of an a priori unknown ty from which to seed the reconstruction algorithms.

To increase the effective MC statistics a re-sampling technique is used at various stages
whenever possible. For example, the stop positions and times of muons stopped in the
aluminum target are re-used multiple times to generate accidental hits for the mixed
events described above. Since the muons are at rest, their decay and capture products are
isotropically distributed. By randomly sampling the direction and energy of the decay-in-
orbit and nuclear-capture products for each use of a given stop position, large re-sampling
factors can be safely used. Muons stopped outside the aluminum target are handled
similarly. The beam flash component is also re-used, by randomly sampling the arrival
time from the proton pulse time distribution.
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Simulating detector response

Energy depositions in active detector elements (e.g. tracker straw volume, calorimeter
crystal, or a CRV scintillator counter) from the GEANT4 samples described above are
used as input to a detector simulation. Since the tracker is the single most precise detector
element, and thus drives the experimental sensitivity, a complete simulation — from
ionization in the straws to digitization output of the ADCs and TDCs on the tracker
frontend — was developed. The simulations for the calorimeter and cosmic veto are less
sophisticated, but capture the significant effects.

The tracker signal simulation is described briefly here and documented in detail
elsewhere [43]. The tracker signal simulation starts with the energy deposits in the straw
gas predicted by GEANT4, for all particles that pass through the tracker including the
accidental hit occupancy from the overlay of the mixed events described above. These
energy deposits are subdivided into individual ionizations, and processed through a
parameterized simulation of the straw drift, the gas amplification, the signal transit, and
the electronic amplification and shaping. Electronic signals arriving at the straw ends
from all processes are coherently added, and the resultant waveform is digitized at both
ends. The resultant simulated digitized signals (‘digis’) have a discrimination threshold
applied and are used as input for the reconstruction.

For the calorimeter and CRV the GEANT4 energy depositions from all particles traversing
the active regions of the sub-detectors (including the accidental occupancy from the
overlay of mixed events) are summed separately for each crystal and each scintillator
counter. The calorimeter energy is smeared to mimic resolutions measured in test beam
or estimated from calculations. Readout thresholds are applied to these smeared
quantities, which are then used as input for the reconstruction. The energy depositions in
the CRV scintillators have readout thresholds applied after the inclusion of the Burke
suppression factor, if applicable.

3.5.2 Reconstruction

A common suite of reconstruction software is used to compute the background yields and
signal efficiency described below. The output of the detector simulation is used as input
to the reconstruction software. The track reconstruction software takes as input digitized
information from the tracker frontend, just as it will for real data. Since the tracker is the
single most precise detector element, and thus drives the experimental sensitivity,
sophisticated and robust algorithms for pattern recognition and track fitting have been
developed.
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Track reconstruction

The Mu2e track reconstruction algorithm is described briefly here, and in detail
elsewhere [44]. First, ‘digis’ are converted to hits, by re-interpreting the simulated digital
data as physical time and energy. The time distribution of tracker hits in simulated events
that include a single signal conversion electron (CE) overlayed with the mixed events is
shown in Figure 3.11 from 300-1695 ns, broken down by the origin of the particle that
ultimately produced the hits. Tracker hits produced before 300 ns are suppressed at the
front end, to keep from saturating the DAQ transmission. A typical CE within the
geometric acceptance of the tracker produces 40 hits on average. The initial signal/noise
of hits produced by the CE in the live window of a microbunch is roughly 1/85.
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Figure 3.11 Distribution of reconstructed tracker hits from simulated events that include a CE
overlayed with the mixed events. Primary proton hits originate from particles not coming from a
stopped muon. Stopping target proton, photon, and neutron hits come from particles ejected in
muon nuclear capture at the stopping target. Muons that stop “out of target” (OOT) also produce
hits via nuclear capture and decay in orbit processes.

Hits are filtered based on their time, energy and position. These simple cuts remove most
of the proton and DIO background hits. The principle remaining hit background comes
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from Compton electrons produced by photons hitting the straw walls. The initial photons
are produced both directly from nuclear de-excitation following muon capture, and
indirectly from capture of neutrons on material in the DS produced following muon
capture. These low-energy electrons move in tight spirals through the tracker, producing
tight clusters of hits when projected in the plane transverse to the magnetic field axis.
Roughly 90% of these hits are removed by a dedicated algorithm which searches for such
clusters of hits. About 90% of the CE hits survive this hit selection and the CE hit
signal/noise improves to 1/10.

The remaining tracker hits are grouped together into time clusters, within a window of
~50 nsec, corresponding to the drift + transit time spread of hits produced by the CE. A
representative sample of individual CE event hit time distributions is shown in Figure
3.12, with the hits produced by CE tracks and the identified clusters shown. Over 95% of
CE events producing at least 20 hits in the tracker are identified as a time peak, and the
final signal/noise of the selected hits in a time peak containing CE hits is roughly 6/1.

Time peaks containing at least 15 hits are passed to a geometric pattern recognition
algorithm. Approximate 3-d hit positions are assigned to each hit using either the time
difference between the signal arrival at the straw ends, or by stereo matching of hit pairs
in adjacent panels of a station. The typical position resolution achieved is ~1 mm
perpendicular to the straw (the straw radius/y 12), and ~1 cm along it. A robust helix fit
using the 3-d hit positions is used to define an initial track. The helix fit result is used to
initialize a least-squares fit, which uses only the perpendicular position information to
constrain the fit. The least squares fit uses the wire as hit position, and the straw radius/
¥ 12 as hit error. The least squares fit produces initial helix parameters and covariance
matrix, and an initial track ty. An iterative Kalman filter track fit is seeded with the least-
squares parameters, covariance, and ty, using the ty to define straw drift circles. The
Kalman fit accounts for scattering and energy loss in the straw material, as well as the
inhomogeneity in the DS field. Left-right hit ambiguity resolution, track t, refinement,
and an outlier hit search are performed using a simulated annealing algorithm while
iterating the Kalman filter fit. The final reconstructed momentum is extracted from the
Kalman filter fit result, evaluated at the upstream entrance to the tracker.

We note that there is room for improvement in the track reconstruction, in ways that
affect both the resolution and the efficiency. For instance, the reconstruction currently
uses a linear model of the relationship between the measured drift time and the most
probable distance of closest approach to the wire, while simulation includes realistic non-
linear effects. The hit error is also assumed to be independent of drift radius. These and
other deficiencies will be addressed in planned upgrades of the Mu2e software before
commissioning with data begins.
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Figure 3.12 Time spectra for tracker hits from 4 separate events that include a CE overlayed with
a mixed event. The x-axis range, 500-1695 ns, corresponds to the time window used in the
reconstruction software. The blue histogram corresponds to the spectra for all hits, the green
histogram are those hits surviving the hit-selection criteria, and the red triangles are the time
peaks identified by the reconstruction algorithm. The red histogram corresponds to the hits
produced by the CE in the event.

The tracker presents approximately 1% of a radiation length of material to the average
CE, with most of the material in the straw walls. This material, while less than the
stopping target or internal proton absorbers, also impacts the resolution due to energy loss
straggling. The bigger effect of the tracker internal material however is to cause multiple
Coulomb scattering. This limits the intrinsic resolution of the spectrometer.
Reconstruction effects also impact the resolution. In particular, non-Gaussian tails in the
multiple scattering and individual hit resolution functions, errors in assigning the left-
right ambiguity to hits, and pattern recognition errors, all contribute to a non-Gaussian
high-side tail.
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Calorimeter cluster and cosmic veto reconstruction

The energy depositions in the calorimeter crystals are clustered using a seed-and-shoulder
algorithm adopted from BaBar. Crystals with an energy deposition larger than 10 MeV
become “seeds” to which additional crystals may be added to form a cluster. Crystals that
are physically contiguous with a seed cluster and that have an energy deposition
coincident (<10 ns) with the seed and larger than 1 MeV are added to the cluster. Cluster
merging algorithms are applied. The total cluster energy is determined as the sum over all
included crystals. The cluster time and position are determined using energy-weighted
averages.

A cosmic veto is formed using energy depositions in the CRV scintillators that are
coincident with one another. A localized coincidence in three of the four CRV layers is
required. Because cosmic rays are incident at a variety of angles and because one layer is
allowed to miss, a large number of scintillator hit patterns can qualify as a veto. The
allowed hit patterns were determined using dedicated simulations of the four-layer CRV
modules and muons incident at angles from 0 to 90 degrees relative to the normal.

3.5.3 Selection Criteria

Candidate conversion electron events are required to satisfy requirements using the
reconstructed information from the tracker, calorimeter, and CRV. While a rigorous
multidimensional optimization has not been performed, the selection requirements are
chosen to reduce backgrounds to a low level while maintaining a high signal efficiency.

The intrinsic quality of reconstructed tracks in Mu2e varies widely, due to the variation in
production angle of the particles, the random effects of energy loss and scattering in
material, the geometric acceptance of the tracker, and the effect of background hits on the
pattern recognition and track fit. To select a minimum-quality sample of tracks for
analysis, a set of requirements are applied to quantities measured in the reconstruction.
No selections based on MC truth are applied. The quality selections include requirements
on the number of hits that are active in the fit (outlier hits are de-activated as part of the
simulated annealing), the estimated uncertainty on the momentum and track ty, and most
importantly, the chi-squared consistency of the fit.

To reduce physics backgrounds, additional requirements are made. We require the
measured track pitch lie in a range that excludes electrons from muon and pion decay-in-
flight, and high-energy beam electrons entering the DS from the TS. To reduce the
cosmic ray background, we require the track origin be consistent with coming from the
target and that its maximum radius not intersect the Outer Proton Absorber. To reduce
backgrounds from pion-capture processes, we require a minimum time for the track ty
relative to the proton pulse. Backgrounds from muons traversing the tracker are
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eliminated by employing a particle identification algorithm that combines calorimeter and
tracker information.

The full set of selection criteria are listed in Table 3.1. The acceptance X efficiency for
the track selection criteria alone is 9.3% for conversion electrons originating in the
stopping target. For tracks satisfying the track requirements, the calorimeter and particle
identification criteria are 96% efficient. Requiring there be no cosmic veto from the CRV
reduces the acceptance by 4.5%. The total signal acceptance is then 0.093*0.96*(1-0.045)
= 8.5%.

Table 3.1 Selection criteria used to determine the background yields and signal acceptance.
The criteria are successively applied.

Parameter Requirement

Track quality and background rejection criteria

Kalman Fit Status Successful Fit

Number of active hits Nactive > 25

Fit consistency X2 consistency > 2x107
Estimated reconstructed momentum uncertainty 6,<250 keV/c

Estimated track t, uncertainty 0:< 0.9 nsec

Track t, (livegate) 700 ns <ty < 1695 ns

Polar angle range (pitch) 45° <9 <60°

Minimum track transverse radius -80 mm < dy < 105 mm
Maximum track transverse radius 450 mm < dg+2/0 < 680 mm
Track momentum 103.75 <p <105.0 MeV/c

Calorimeter matching and particle identification criteria
Track match to a calorimeter cluster Ecuster > 10 MeV

X2 (track-calo match) < 100

Ratio of cluster energy to track momentum E/P <1.15
Difference in track ty to calorimeter to At = |tyack — tealo| < 3 ns from peak
Particle identification log(L(e)/L(n)) < 1.5

Figure 3.13 shows the effect of the track selection requirements on the acceptance X
efficiency. The first column is normalization. The acceptance selections in the next three
columns are loose cuts made on Monte Carlo truth information, just to demonstrate what
intrinsic limits the structure of the experiment imposes, independent of any algorithm.
The next two columns are the quality selections, followed by three physics selections,
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described in Table 3.1. The final selection is for a nominal momentum window to
separate conversion electrons from DIO.
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Figure 3.13 The cumulative (top) and relative (bottom) acceptance x efficiency for the track
selection criteria as a function of sequential selections.

We note that the quality of the tracks, and hence momentum resolution, varies
continuously with the quality parameters. For instance, tracks with at least 30 active hits
and a chisquared consistency greater than 0.01 have a 10% narrower core resolution and
20% smaller high-side resolution tail than the standard selection in Table 3.1. However,
for a cut-based analysis, the better momentum resolution does not compensate for the
reduced CE efficiency and these more restrictive requirements result in a degraded
experimental sensitivity. Similarly, tracks outside the selection range of the physics
backgrounds cuts will be useful sideband samples for studying and measuring those
backgrounds. To maximally exploit the information content of the MuZ2e tracker data, we
plan to use more sophisticated techniques than simple cuts when performing our final
analysis. For instance, we might weight events according to quality, or separate the data
into quality-selection bands. We can also reduce the physics background uncertainties
using likelihood-based analysis of the physics backgrounds as a function of parameters
such as track ty and polar angle. The criteria listed in Table 3.1, and the results presented
below after applying them, should therefore be considered as temporary placeholders for
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what our actual analysis will be once the experiment has data, and we have had time to
develop optimal algorithms.

3.54 Track momentum resolution

The intrinsic momentum resolution of the tracker, including material and reconstruction
effects, is shown in Figure 3.14 for signal conversion electrons that satisfy the track
selection criteria. The difference between the momentum predicted by the Kalman track-
fit and the MC true momentum, evaluated at the entrance to the tracker, is displayed. The
resolution is fit to a Crystal Ball function, which models the (Gaussian) core resolution
and the negative bremsstrahlung tail, together with an exponential positive resolution tail.
As the core resolution of 118 keV/c is much less than the RMS equivalent spread due to
upstream passive materials, the tracker core intrinsic resolution makes a small
contribution to the overall experimental resolution. However, the roughly 2% high-side
exponential tail has a disproportionate influence on the DIO background yield, as it shifts
the fast-falling DIO spectrum to larger momentum.

Momentum Resolution at Start of Tracker

Reco Cuts Mean -0.1286
0.577<tan(1)<1.000 ‘ RMS 0.3752
10° t0>700.0 nsec Underflow 12
nactive>=25 Ozverflow 0
U ugaly b asiien
fitmomerr<0.250 Norm 2548 4 23,5
10? fitcon>0.0020 X0 -0.05364 + 0.00129
fitmom=>100.0 sigma 0.1178 £ 0.0011
C n 2.779 +0.100
B alpha 1.042 + 0.021
10 — tailfrac 0.0215 + 0.0009
= taillambda 0.2095 + 0.0055
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Figure 3.14 The intrinsic resolution of the tracker for conversion electrons surviving the track
selection criteria of Table 3.1 and shown in the upper left inset. The red line is a fit to a crystal
ball function. The resulting mean (x0), core resolution (sigma), high-side tail fraction (tailfrac),
and high-side tail resolution (taillambda) are given in the upper right inset.
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3.6 Mu2e Background and Sensitivity

The known processes that may create backgrounds for muon conversion experiments
were discussed in general in Section 3.2. In this section we explicitly estimate the
backgrounds expected by Mu2e. Eliminating potential backgrounds drives many of the
design features of the Mu2e detector. We begin with a brief description of the
methodology used to estimate each background source. We conclude with our current
estimate of the experimental sensitivity.

3.6.1 Decay-in-orbit Background Yield and Conversion Electron Acceptance
Muons that capture on Aluminum atoms have a 39.1% chance of decaying while orbiting
the Al nucleus [22]. Most of these decay in orbit (DIO) muons produce a high-energy
electron, originating from the stopping target. Since DIO electrons come from stopped
muons, their timing distribution is identical to that of a potential conversion electron (CE).
The only measureable difference between a DIO electron and a CE is the energy, which
is reduced by the energy carried off by the two neutrinos. The overlap between the DIO
energy spectrum and the CE selection window creates an irreducible physics background
for Mu2e. To keep the DIO background within tolerable limits, Mu2e must have very
good energy resolution. To quantitatively estimate the DIO background, Mu2e must
have a good understanding of the experimental energy spectrum of the DIO. These
issues are discussed in detail below. When discussing the DIO background we also
discuss the CE sensitivity, as the yield of DIO and CE are strongly coupled.

Electron energy spectrum from muon decay-in-orbit

The energy spectrum of electrons produced by muons decaying in free space has been
carefully studied, and was found to agree with the Standard Model predictions [45][46].
To balance energy and momentum, the free muon decaying at rest can give at most half
its available energy to the electron. When bound to an atom, interactions with the nucleus
distort the muon decay (DIO) electron energy spectrum. In particular, recoil against the
nucleus allows the electron energy to exceed the kinematic limit of the free muon decay.

A detailed theoretical prediction of the DIO electron energy spectrum for muons captured
on aluminum is shown in Figure 3.15. The calculation includes relativistic effects and
nuclear size and recoil effects [23]. As can be seen, the Michel edge at half the muon
mass is softened by the interaction with the nucleus, producing a long tail that extends up
to the kinematic endpoint (= predicted CE energy). The tail of the spectrum falls rapidly
due to the limited phase space available to produce neutrinos with energy close to zero.
In [23] the authors state that the principal uncertainty in their prediction comes from
higher-order radiative corrections, which they estimate to be ‘small’. Detailed numerical
estimates of the DIO radiative corrections and estimates of their uncertainty are ongoing.
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In [23] the authors show that a 5™ order polynomial in the energy difference AE = Epjo-
Ece provides a very good approximation to the detailed theoretical prediction, in the
range 85 MeV < AE < 105 MeV. As described below, this parameterization is used in the
simulations from which the Mu2e DIO background yield is estimated.

Note that the calculation in [23] assumes the DIO occurs after the muon has reached the
IS atomic orbit. If the muon decays while in a higher orbit, the decay electron would
have a higher energy, due to a lower Coulomb barrier. Given the estimated time of ~10™"
seconds for the muon to reach the 1S state, and a muon decay lifetime of ~10 seconds
[21], the probability that the muon decays before reaching the 1S state is ~107. The
binding energy of the Al 1S state is 464 keV. If we assume all of that energy is available
to the decay, we can approximate the decay spectrum of non-1S muon decay by shifting
the predicted 1S DIO spectrum near the endpoint by this amount. This shift results in
approximately a 10-fold increase in rate 1 MeV from the endpoint energy. Thus the
background from DIO from muons not in the 1S state will be negligible (~10®) compared
to the background from 1S DIO muons.
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Figure 3.15 Predicted energy spectrum for electrons from muon DIO on Aluminum on a linear
(left) and log (right) scale.

Experimental effects on the DIO spectrum

The spectrum of Figure 3.15 is affected by experimental effects such as energy loss,
Coulumb scattering, and reconstruction efficiencies and resolutions. This is illustrated in
Figure 3.16, which shows the results of a simple parametric simulation of the momentum
spectrum of DIO background and signal CE. While this simple simulation is not used to
estimate the event yields, it is useful for illustrating the individual impact of the various
experimental effects on the final momentum spectra. The upper left plot shows
theoretical predictions of the momentum spectrum with no experimental effects applied.
The upper right plot shows the momentum spectrum after a realistic acceptance,
determined from a detailed simulation of the Mu2e tracker, is applied. The acceptance is
close to flat over the momentum range relevant to the Mu2e measurement, so the main
effect is to reduce the rate of both DIO and CE by the same factor, without affecting their
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separation. Similarly, the (average) energy loss in material simply shifts both the DIO
and CE spectrum by the same amount, maintaining their separation, as shown in the
lower left plot. Detector resolution however smears the spectra, creating a broad region
of overlap, as shown in the lower right plot. This overlap in reconstructed momentum
defines both the DIO background yield, and impacts the final acceptance for CE.
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Figure 3.16 Parametric simulations to illustrate how various experimental effects affect the
momentum spectrum of electrons from DIO and muon conversion. These plots are normalized to
the nominal 6.7x10"" stopped muons expected for the full Mu2e program. Upper left are
theoretical predictions. Upper right are after applying realistic detector acceptances. Lower left
is after acceptance and average energy loss effects. Lower right is after all reconstruction effects.
Note the logarithmic scales.

Interactions in material upstream of the tracker are the dominant contribution to the
energy loss and resolution smearing depicted in Figure 3.16. The Mu2e spectrometer
volume contains passive materials that are necessary for the operation of the experiment.
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Electrons produced in the stopping target can interact with those materials, which reduces
and degrades their energy. Figure 3.17 shows the momentum spectrum of electrons from
CE originating in the stopping target, at a point just upstream of the tracker, as predicted
by our detailed GEANT4 simulation. The long negative tail comes from radiative energy
loss (Bremsstrahlung), while the core width comes mostly from straggling in the
ionization energy loss. The FWHM of the momentum of 700 keV/c corresponds to a
(Gaussian) 300 keV/c RMS. The largest material effect comes from the stopping target
itself. A careful optimization of the stopping target mass and geometry has been
performed to balance the effects of stopping power and energy degradation. The other
passive material upstream of the tracker is the Inner Proton Absorber (IPA). This material
slows or stops some of the protons produced in nuclear decay following muon capture,
thereby protecting the tracker from high hit rates and large charge deposition. Compared
to the CDR, the IPA has been reduced in mass by a factor of 2, which was found to
improve the overall sensitivity to Rue. The effect of residual gas in the DS vacuum (10™
Torr) is negligible.
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MC at Production

500
- MC at Tracker, FWHM = 700.0 KeV/c

Reconstructed, FWHM = 900.0 KeV/c

400

300

200

100

IIII]II]IlIIII]II]

97" 98 99 100 101 102 103 104 105 106 107
b (MeVic)

Figure 3.17 The momentum spectrum of conversion electrons at the entrance to the tracker as

estimated by a detailed GEANT4 simulation of the Mu2e apparatus. The spectra at production
(green), after interaction in upstream material (blue), and after reconstruction (red) are shown.
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Figure 3.17 also shows the momentum spectrum from the same CE reconstructed in the
tracker. Material in the tracker itself further shifts and broadens the spectrum. In addition,
reconstruction effects introduce a high-side tail.

Estimate of the DIO background yield and CE acceptance

We predict the DIO background and CE yield using the same detailed simulation and
reconstruction software for both the DIO and CE events as described in Section 3.5. To
improve the statistical resolution, the DIO momentum is generated flat between 95 and
105 MeV, and events are weighted according to the cross section predicted by the
formula in [23]. Flat generation plus weighting provides better statistical precision in the
high-momentum part of the spectrum, where the background tracks are most likely to
originate. To emulate realistic tracker occupancies, the DIO and CE events are overlaid
with the mixed events (cf. Section 3.5.1) and the track reconstruction algorithm is run,
exactly the same for DIO and CE events. The selection criteria of Section 3.5.3 are
applied.

Figure 3.18 shows the reconstructed momentum spectrum of selected tracks, measured at
the entrance of the tracker, from the DIO background. Overlaid is the expected signal
from conversion electrons assuming Rue = 1 X107, predicted by the full Mu2e
simulation. Both plots contain many hundreds of times more data than are expected for
MuZ2e, but are normalized to the 6.7 X 10'” muon stops expected in the nominal Mu2e run.
Selecting tracks with momentum between 103.75 and 105 MeV/c results in a DIO
background of 0.22 =£0.03 events, and a CE Single Event Sensitivity (SES) of
2.6 £0.07 x 10", where the quoted uncertainties are due to limited Monte Carlo
statistics and corrections for particle-ID and cosmic veto requirements have not yet been
included.

The DIO histogram in Figure 3.18 shows significant single-bin fluctuations, in spite of
the large number of simulated events. These fluctuations come from very rare single
events in the far high-side tail of the momentum resolution. This is demonstrated in
Figure 3.19, which plots the difference between the reconstructed and true momentum of
DIO electrons in the signal momentum window defined above. The tail portion of the
resolution (defined as Ap > 500 keV/c) constitutes over 2/3 of the DIO entries in the
signal window. Improving the track reconstruction resolution tails will be a priority for
future optimization studies — particularly through better handling of non-linear effects
that degrade the single-hit resolution.

Systematic Uncertainties

Several effects introduce systematic uncertainty affecting the estimated DIO background
yield or the conversion electron acceptance. The largest direct effects come from the
theoretical prediction of the DIO spectrum, and the determination of the absolute
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momentum scale of reconstructed tracks. Indirect effects from uncertainties in the rates
of accidental hits in the tracker, and uncertainties in the tracker simulation, also
contribute.
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Figure 3.18 The simulated reconstructed momentum spectrum for DIO events (blue) and
conversion electron (CE) events surviving the track selection criteria and assuming R =10,
The distributions are each normalized to the total number of muon stops expected for 3.6x10%
protons on target.

Uncertainties in the predicted DIO spectrum

The predicted DIO spectrum in [23] does not include higher-order radiative effects,
which may affect the shape of the spectrum near the endpoint, thereby changing the DIO
background estimate. Naively, we expect the radiative effects to be of order a, and to
move the DIO events out of the signal momentum region, not into it, as the radiated
photon will take energy away from the DIO electron. A detailed higher-order calculation
of the DIO spectrum including radiative effects is in progress but there are no results yet.
In the meantime, we set the systematic uncertainty associated with the predicted DIO
spectrum by drawing on comparisons with radiative effects in Kaon physics [47] that
indicate the DIO background will increase by no more than 20%, or 0.04 events after all
selection criteria have been applied.

Uncertainty from the absolute momentum scale
An uncertainty in the momentum scale of the tracker affects both the CE acceptance and
the DIO background yield. This is shown in Figure 3.20, which plots the change in the
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integral yields for DIO and CE (for Rpue=1x10"°) in the nominal momentum signal
window from Table 3.1, as a function of a putative shift in the momentum. MuZ2e requires
an independent verification of the tracker momentum scale with an accuracy of 1/1000,
or 100 keV/c at the CE momentum [48]. Propagating this momentum scale uncertainty
results in a change of 009 6 in the DIO integral rate, and 020 5 in the CE integral rate,
as shown in Figure 3.20. To reduce this uncertainty in the DIO background, we can
intentionally set the momentum selection window 100 keV/c higher than the optimal
value. As shown in Figure 3.21 this reduces the uncertainty on the DIO background by a
factor of 1.5, and keeps the expected DIO background below 0.2 expected events (at the 1
O level). This protection comes at the cost of losing on average 7% (relative) of the
expected CE yield, or up to 15% (relative) of the expected CE yield, in the case that the
momentum scale is under-estimated by 100 keV/c (1 6).

Reco - True Momentum of DIO in Signal Box
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Figure 3.19 The difference (A) between the reconstructed momentum and the true momentum for
DIO electrons that survive the selection criteria and fall into the signal momentum window. The
contribution from the core resolution is defined to be those electrons for which Ap < 500 keV/c,
while the tail is defined to be those for which Ap > 500 keV/c.

An alternate strategy for dealing with momentum scale uncertainty is to use the DIO
spectrum itself as an internal reference, by fitting the measured spectrum outside the
signal window. In this case, the momentum scale becomes a nuisance parameter of the
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experiment, and the DIO background in the signal window is directly estimated by
extrapolating the fit into the signal window. A toy Monte Carlo study of this strategy is
shown in Figure 3.22, which displays the results of several independent toy experiments,
each made with the full statistics expected by Mu2e. Each experiment is conducted by
making a random sampling of the DIO and CE spectra from detailed GEANT4 simulations
after the application of all selection criteria and normalizing to the number of stopped
muons expected for the full Mu2e run. The DIO spectrum in the range 100 MeV/c <p <
102.5 MeV/c is fit to a polynomial function inspired by the approximation to the
theoretical DIO endpoint spectrum given in [23], but including parameters to model
experimental acceptance, efficiency, and resolution effects. The DIO fit is then
extrapolated into the signal window to provide an estimate of the DIO background in
each experiment. The average estimated DIO background value over an ensemble of
1000 toy experiments is consistent with the (input) central value from the GEANT4
simulation, and has an average statistical uncertainty of 0.06 events.
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Figure 3.20 Expected change in the DIO and CE yields for the nominal momentum signal
window. The changes corresponding to an uncertainty of 100 keV/c on the momentum scale are
illustrated.

The DIO background self-calibration strategy relies on accurate estimates of the DIO
spectrum shape, the experimental distortions to that spectrum coming from momentum
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resolution and acceptance, and the backgrounds to that spectrum. Preliminary studies
show that in-situ measurements of the momentum resolution function performed with
electrons produced from cosmic rays, combined with Monte Carlo estimates of the
acceptance dependence on momentum, are adequate for estimating the DIO background
with a precision comparable to the theoretical error (0.04 events). This self-calibration
method can also provide an estimate of the absolute acceptance X efficiency. Further
studies are needed to understand the full systematic uncertainties implied by this method.
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Figure 3.21 Expected change in the DIO and CE yields for a momentum signal window that has
been shifted up by 100 keV/c. The changes corresponding to an uncertainty of 100 keV/c on the
momentum scale are illustrated.

Uncertainties in the accidental hit rate

Many of the processes that contribute accidental hits in the tracker have large
uncertainties in either the rate or spectrum. To obtain robust estimates of the DIO
background, we must evaluate the tracker performance for a reasonable range of those
uncertainties.

Figure 3.23 shows the response of the track reconstruction to coherent increases (and
decreases) in the rate of all the processes that contribute accidental tracker hits. The scale
factor ‘0’ corresponds to no accidental hits (ie. just the CE without the overlay of a
mixed event), and ‘1’ corresponds to the nominal accidental hit rates in the tracker, as
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shown in Figure 3.11. The upper plot of Figure 3.23 shows the decrease in the CE track
reconstruction efficiency as the rate of accidental hits is scaled. The efficiency response
is roughly linear, with a loss of 0.7% absolute efficiency for each unit factor in the
accidental hit rate. The lower plot shows how the momentum resolution parameters vary
with the rate of accidental hits in the tracker. The parameters are extracted from a fit to
the momentum resolution, as depicted in Figure 3.14. Both the core resolution and the

resolution tails are seen to be constant within uncertainties over the range of accidental

hit rates explored.
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Figure 3.22 Nine toy Mu2e experiments, based on GEANT4 simulations assuming for Rue=10",
each with the full expected MuZ2e statistics. The blue histogram is from DIO, the red from CE
events. The DIO spectrum in the range 100 MeV/c <p < 102.5 MeV/c is fit to a polynomial, and
extrapolated into the signal window to estimate the DIO background.
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The coherent scaling of the tracker hit rates depicted in Figure 3.23 is an overly
conservative thing to do since the various processes contributing the accidental hits have
independent sources of uncertainty that affect the track reconstruction performance in
differing ways. To quantify the effect of these uncertainties on the DIO background yield
and CE acceptance, we perform dedicated simulation studies, where the rate of each
individual physical source accidental hits is varied within its uncertainties. For instance,
the rate of neutrons produced in muon capture in aluminum was measured to be 1.26 *
0.06 [49]. The spectrum of those neutrons however is uncertain, and we have evaluated
several possible spectra to understand the range of accidental hit rates induced by those
neutrons, finding a variation of < 20%. In addition, the process by which neutrons
produced in muon capture result in a tracker hits relies on the GEANT4 modeling of
neutron interactions. Different models of neutron interactions are known to predict
neutron capture rates that differ by less than a factor of two [50]. Consequently, we
estimate the uncertainty associated with the neutron-induced accidental hits by simulating
CE reconstruction with the neutron-induced hit rate increased by a factor of two.

Similarly, we have propagated the effect of uncertainties in the energy spectra and rates
of photons and protons emitted following muon capture on Al. The photon spectrum and
rate is well measured [21], and the proton rate and spectrum doesn’t have a large impact
on track reconstruction, as the hits from protons are mostly eliminated early in the tracker
hit selection. We assume a 100% uncertainty in the rate of accidental hits induced from
muons that stop outside the aluminum target. The results of the individual scaling tests
are shown in Figure 3.24. The background process being scaled and the scaling factor
used are listed on the x axis. The top plot shows the impact on the CE acceptance x
efficiency, the bottom the impact on the momentum resolution parameters. No change is
seen on the momentum resolution due to these changes in accidental hit rates. The change
in CE efficiency is assessed as a systematic uncertainty as recorded in Table 3.2.

We note that the AlCap experiment [51] at PSI, a collaboration which includes Mu2e
members, is studying the rate and energy spectrum of particles produced in the nuclear
capture of muons on aluminum. This experiment was designed to greatly improve our
understanding of the processes relevant to MuZ2e, in time to be useful for Mu2e analysis.
The proton, neutron, and photon spectra and rates measured by AlCap will constrain the
uncertainties affecting the estimated rates of accidental hits, which will reduce the
systematic uncertainties shown in Table 3.2.

The nominal Mu2e simulation assumes 100% of the straws are functioning. The tracker
requirements [52] allow up to one station’s worth of dead straws during normal operation,
due to the sum of all potential causes of straw inefficiency. We model the degraded
tracker by disabling the hit reconstruction for all the straws in a randomly-selected single
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plane (6 sectors), which simulates the effect of a major gas leak. We also disable 576
randomly-selected straws throughout the rest of the tracker, to simulate electronics failure
or inefficiency. Figure 3.24 also shows the effect of simulating the ‘degraded’ tracker on
the CE efficiency and resolution. The change in CE efficiency is assessed as a systematic
uncertainty as recorded in Table 3.2.
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Figure 3.23 Changes to the track reconstruction efficiency (top) and resolution (bottom) as a
function of the rate of accidental (background) hits in the tracker. A factor of ‘1° corresponds to
the nominal accidental rates expected for Mu2e and used to construct the mixed events (cf. 3.5.1),
while ‘0’ corresponds to no additional activity and ‘2’ corresponds to twice the nominal rate of
accidental hits. The resolutions in the bottom plot are determined from a fit to a crystal ball
function as shown in Figure 3.14.

Uncertainties due to variations of the magnetic field
The specifications of the Mu2e solenoids allow for up to 5% variations in the absolute
field, as well as variations in the gradient regions, due to fabrication tolerances associated
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with the conductor geometry and with the placement of the coils. To evaluate the impact
of these variations, we calculated 100 alternate field maps by randomly sampling each of
the relevant fabrication tolerances. Additional field maps were calculated assuming
particular systematic effects (e.g. assuming the conductor was systematically wider or
thicker than nominal, but still within specifications). Among these many alternate field
maps, those that gave the largest excursions from the nominal field were identified. The
standard CE simulation and reconstruction was performed using these alternate field
maps, and the CE acceptance x efficiency was evaluated under those conditions. No
significant change in the CE acceptance or resolution was observed, within the statistical
limits of the test (1% relative). We conclude that possible variations in the magnetic field
will not impact the reconstruction, provided the magnetic field is accurately mapped.
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Figure 3.24 Changes to the track reconstruction efficiency (top) and resolution (bottom) for
variations in the accidental hit rate induced by various underlying processes. The effect of
simulated a ‘degraded’ tracker is also shown.
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Table 3.2 Summary of systematic uncertainties on the DIO background yield and the conversion
electron (CE) single-event-sensitivity. These were quantified using the methodologies described
in the text.

Effect Uncertainty in DIO  Uncertainty in CE single-
background yield event-sensitivity (x10™7)

MC Statistics +0.02 +0.07

Theoretical Uncertainty +0.04 -

Tracker Acceptance +0.002 +0.03

Reconstruction Efficiency +0.01 +0.15

Momentum Scale +0.09, -0.06 +0.07

u-bunch Intensity Variation +0.007 +0.1

Beam Flash Uncertainty +0.011 +0.17

U-capture Proton Uncertainty +0.01 +0.016

U-capture Neutron Uncertainty +0.006 +0.093

u-capture Photon Uncertainty +0.002 +0.028

Out-Of-Target | Stops +0.004 +0.055

Degraded Tracker -0.013 +0.191

Total (in quadrature) +0.10, -0.08 +0.35, -0.29
Results

Using the detailed simulation, reconstruction, and selection described in Section 3.5 and
assuming the nominal 3.6x10* protons on target, the DIO background yield and CE
acceptance have been estimated. For nominal conditions the predicted DIO background
yield is 0.22 + 0.03, and the CE SES is (2.6 + 0.07)x10""", where the uncertainties are
statistical only. Correcting for the predicted electron particle ID (PID) efficiency (96%),
the dead time due to the Cosmic Ray Veto rejection (4.5%), and including the systematic
uncertainties described above and summarized in Table 3.2, we arrive at a final
prediction of 0.2+0.0370. DIO events, and a CE single-event-sensitivity of
(2.810.07732)x107"", where the first error is statistical and the second is systematic.
Several strategies for improving the reconstruction algorithms and analysis techniques
that should reduce the DIO background, improve the sensitivity, and reduce the
uncertainties in future, have been discussed and are being pursued.

3.6.2 Pion-Capture Background Yields

Pions that survive to arrive at the aluminum stopping target during the delayed live gate
can potentially give rise to a large background from the 7~ + Al — ¥ + X process.
This radiative pion capture (RPC) process occurs promptly as the pion stops in the
aluminum. Since the pion lifetime (26 ns) is short relative to the lifetime of muons
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captured on aluminum (864 ns), these backgrounds can be suppressed by delivering a
pulsed proton beam, minimizing the tails of the proton bunch, eliminating out-of-time
protons, and by employing a delayed live gate. In combination these mitigations achieve
a suppression of about 17 orders of magnitude.

Backgrounds from the 7~ + Al — ¥+ X process come from two sources, which we
will refer to collectively as “RPC” background:

e radiative processes where the stopped pion is captured by the Al nucleus and
radiates an on-shell photon y, which then undergoes external electron-positron
pair production, and

e internal conversion processes, where a virtual photon y* is emitted upon pion
capture, internally converting to an electron-positron pair.

The resulting electron will contribute as background if it is reconstructed within the
delayed live gate and with a momentum that lies within the chosen signal region of the
analysis. In contrast to the internal-conversion process, the background contribution from
the radiative process is driven by the amount of material that can induce the external
electron-positron pair conversion. Thus, the theoretical descriptions for each of the pion-
capture sources are largely independent of one another and we treat them separately.

Because the final state X is not unique but can assume any number of nuclidic states, the
radiated photon energy is not monochromatic, but rather follows a spectrum that must be
predicted or measured. The radiated photon energy spectrum for pion capture on
aluminum has never been measured. Instead we use the measured photon energy
spectrum for pion capture on magnesium [24], which is not expected to significantly
differ from the aluminum spectrum. The rate of radiative captures is measured on a wide
range of nuclei and is (2.15 + 0.20)% for pion captures on magnesium, which is the
assumed RPC rate for aluminum.

The theoretical framework for internal conversions has been presented in References
[53][54]. The relevant quantity is the conversion coefficient, which is expressed as a
double-differential quantity with respect to the virtual photon mass and the energy
asymmetry of the produced electron-positron pair. The coefficient depends on two
parameters, the mass of the nuclear final state X and the virtual photon energy, the latter
of which is assumed to follow the same distribution as for the radiative process described
in the previous paragraph. The internal-conversion background is normalized to the
radiative process by the integrated internal conversion coefficient, which is on the order
of the fine structure constant ¢ (approximately 0.007).
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A full description of the methodology used to estimate the RPC background is presented
in [55]. To summarize, we begin by simulating 8 GeV protons interacting in the
production target to produce many particles, including negatively charged pions, which
are propagated down the transport solenoid to the aluminum stopping target. We record
the stop time and stop position for all pions stopped in the aluminum target. To make
more efficient use of computing resources, the pion lifetime is set to infinity. We record
the proper time for each pion and use it to accurately take into account the finite pion
lifetime by applying appropriate event weights. The stopped-pion stop times and stop
positions are used to seed the next stage of the simulation, which tracks the final state
photons from radiative processes and the final state electron-positron pairs from the
internal conversion processes through the Mu2e detector volume. The radiative and
internal-conversion processes are simulated separately.

For the radiative process, the photons are isotropically produced with an energy spectrum
randomly sampled from the measured spectrum of Reference [24] and with the creation
time and position randomly sampled from the stopped-pion stop time and position
distributions. The random sampling properly accounts for the correlations between stop
time and stop position. The internal-conversion e'e” pairs are simulated similarly except
that their initial momenta are randomly sampled using the double-differential formula of
[54]. In each case the final state particles are then propagated through the detector
solenoid region using GEANT4, including the full detector simulation and the beam-
related occupancies. The reconstruction software performs pattern recognition and track
fitting using this hit-level information as input. The RPC background yield is estimated
using the tracks surviving the selection requirements described in Section 3.5.3 and
accounting for the finite pion lifetime as described above. The contributions from the
radiative and internal-conversion processes are summed.

The stopped-pion stop-time distribution depends on the arrival-time distribution of the
protons at the production target in the initial simulation stage. Two contributions are
considered: an “in-time” contribution corresponding to protons that arrive at the
production target as part of the 1695 ns micropulse structure, and an “out-of-time”
contribution corresponding to protons that arrive at the production target in between the
micropulses. For the in-time component, the proton arrival-time distribution is taken from
the average expected proton pulse shape derived from detailed beamline simulations,
while the normalization is taken to be 3.6 x 10°° protons on target. For the out-of-time
component, the proton arrival time distribution is taken to be uniformly distributed
between 0 and 1695 ns, while the normalization is taken to be (3.6 x 10*°)e, where e is
the extinction, defined to be the ratio of out-of-time protons to the total number of
protons. Variations of the proton arrival-time distributions are included in the systematic
uncertainties as discussed below.
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The in-time contribution to the RPC background as a function of the start of the live gate
is shown in Figure 3.25. We choose the start of the live gate so that this in-time
contribution is well below 0.1 events. The out-of-time contribution is then calculated as a
function of the extinction for that same live gate window. We specify an extinction
requirement so that the out-of-time contribution to the RPC background is no larger than
the in-time contribution. For a livegate of 700 < # < 1695 ns the RPC background is
0.0084 +0.0148 x ¢/107" for 3.6 x 10* protons on target. The relative contributions
from radiative and internal-conversion processes are 51% and 49%, respectively. The
statistical uncertainty on the background estimate is 13% while the total systematic
uncertainty is 21% as described below. Assuming an extinction of 107'°, the RPC
background is 0.023 + 0.006 where the statistical and systematic uncertainties have been
combined in quadrature. Pion-capture contributions from antiproton interactions are
estimated as described in Section 3.6.4 and have not been included here so as to avoid
double-counting.
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Figure 3.25 Reconstructed ¢, distribution of electrons from the pion-capture processes. The track
selection criteria described in Section 3.5.3 have been required (except for the livegate cut). The
figure is normalized to 3.6 x 10% protons on target.

Systematic uncertainties

The systematic uncertainty was assessed by quantifying the change in the RPC
background estimate for a given variation in the input parameters or assumptions. The
simulation was rerun using a different proton pulse time distribution, corresponding to a
shape with maximum pulse width; the change in yields was 10%, which is assigned as a
systematic uncertainty. For the internal-conversion subsample, a systematic uncertainty
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of 5.5% is assigned for variations in the assumed internal conversion coefficient, based
on a range of measurements and theoretical predictions. In addition, even though the
deviation of the virtual photon energy spectrum from the radiative spectrum is expected
to be slight, we replaced the spectrum with a uniform distribution, normalized to the same
area as the sampled on-shell distribution. The change in internal-conversion backgrounds
is on the order of 30%, which we assign as a conservative systematic uncertainty. An
overall RPC rate uncertainty of 9.3% is also assumed based on the measurement
uncertainty from Reference [24]. The overall systematic uncertainty is thus 21%.

3.6.3 Muon-capture Background yields

Whereas the ordinary muon capture process U +Al — v, +Mg enters as the
denominator in the conversion rate R e, the radiative muon capture (RMC) process
W +AlL -y +V, +Mg can produce background contributions in a way similar to the
RPC backgrounds discussed in Section 3.6.2. Backgrounds from RMC processes result
from intrinsic physics interactions and cannot necessarily be effectively mitigated by
components external to the stopping target. The choice of stopping target material is thus
important. In particular, if the daughter nucleus is sufficiently high in mass, the kinematic
endpoint of RMC photons can be significantly separated from the DIO endpoint, thus
removing a potentially large source of background. The kinematic endpoint for on-shell

photons is determined by the expression
kmax = n'l,uc2 - |Eb| - Erecoil - AM

where Ey, is the binding energy of a muon on Al (0.47 MeV), Ercoil 1S the recoil of the Mg
daughter nucleus (0.21 MeV), and AM is the nuclear mass difference of Mg and Al (3.11
MeV). For the muon mass of 105.66 MeV, the maximum kinetic energy the photon can
acquire is 101.9 MeV, which is roughly 3 MeV lower than the DIO endpoint. Electrons
from radiative muon capture are thus unlikely to be a major source of background, given
the estimated momentum resolution (cf. Section 3.5.4).

Any potential RMC contributions originate from both external and internal (virtual)
photon conversion to an e’e” pair. Although theoretical descriptions of the process exist
for electron-positron pair production from on-shell photons [56][57][58], none exist for
the internal-conversion process. We thus do not explicitly simulate the internal RMC
conversion process but assume that its contribution equals that of external e'e” pair
production (as is the case for the RPC background discussed in Section 3.6.2).
References [59] and [60] provide the measured RMC photon energy spectrum for
aluminum. The spectrum is fitted to a functional form motivated by the closure
approximation [56][57][58]:
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dA,(E,)
dE

Y

= N(1-2x+x*)x(1- x)’

where x is the E,/ kmax, and N is a normalization factor that ensures the integral from 57
MeV to the kinematic endpoint equals the overall RMC rate measurement of (1.43 +
0.15)><10'5, normalized relative to the ordinary muon capture rate [59]. The value of kmax
is treated as a parameter to be varied in the fit. Even though the formal kinematic
endpoint for photons is 101.9 MeV for Al, the measured endpoint is 90 + 2 MeV; results
statistically consistent with 90 MeV are obtained for a variety of elements [59] [60].

Assuming the 90 MeV endpoint, the background yields from RMC are inconsequential as
the probability to mis-reconstruct a corresponding track with a momentum that lies within
the signal region of 103.75 to 105 MeV/c is negligible. The assumed statistical
uncertainty is 0 on this background yield. To be conservative, however, we estimate the
RMC background assuming the closure approximation expression can be used with an
endpoint value of 101.9 MeV, although we acknowledge such an assumption is
inconsistent with the measured data of Reference [59].

The simulation procedure is very similar to that used for the RPCs, described in Section
3.6.2. A collection of stopped muons is sampled to obtain creation positions and times for
RMC photons. As in the RPC case, the sampling accounts for correlations in muon stop
time and stop position. The conversion of photons into electron-positron pairs in the
detector solenoid region is performed by GEANT4, including the full detector simulation
and beam-related occupancies, the entire track reconstruction chain, and the track
selection requirements of Section 3.5.3 are applied. In contrast to the RPC background,
only in-time proton contributions are relevant for RMC background contributions.

For a livegate of 700 < 7y < 1695 ns the on-shell photon RMC background is estimated to
be roughly 2x10°, normalized to 3.6x10°° protons on target. Assuming internal-
conversion contributions are equivalent to the on-shell background, the total RMC
background is estimated to be 4x10”. We use this value as an extremely conservative
estimate of the systematic uncertainty associated with the RMC background yield. For
the central RMC background yield, we use the 90 MeV kinematic endpoint, as supported
by experimental measurement, which gives a null background result. The 101.9 MeV
kinematic endpoint background estimate of 4x10” is used to assign a systematic
uncertainty. Due to the small central value, we do not consider any further systematic

uncertainties. The RMC background estimate is thus 0.000 ..

Mu2e Technical Design Report



3-50 Mu2e Technical Design Report

3.64 Antiproton-induced Background Yields

The 8 GeV kinetic energy protons are above the production energy threshold for
antiprotons that are a serious background in Mu2e. Antiproton-induced backgrounds arise
because:

e Antiprotons do not decay and carry a negative electric charge. Those with
momenta less than 100 MeV/c can propagate through the Transport Solenoid and
reach the stopping target.

e Antiprotons with momenta less than 100 MeV/c travel slowly, with speeds less
than 0.1c; they spiral slowly through the Transport Solenoid and can take up to
several micro-seconds to reach the Detector Solenoid. Consequently the expected
flux of antiprotons at the stopping target is nearly constant in time so that the
delayed live gate and the extinction systems do not effectively mitigate the
resulting backgrounds.

e Antiprotons will annihilate on nuclei, releasing significant energy and producing a
significant number of secondary particles. These secondaries can include
electrons themselves, or they can produce electrons in tertiary interactions such as
capture or decay.

The most effective mitigation against antiproton-induced backgrounds is to limit the
number of antiprotons reaching the stopping target region. This is accomplished by
placing thin absorbers upstream in the Transport Solenoid. The absorbers are kept thin, so
as to minimize the number of muons lost. With the absorbers in place, there are two
major sources of background from antiprotons:

e Antiprotons enter the Detector Solenoid and annihilate in the stopping target to
produce secondary particles, including n°, @ that can produce background
electrons with energy around 105 MeV.

e Antiprotons annihilate in the thin absorbers or somewhere else in the Transport
Solenoid and produce secondary particles, some of which can propagate through
the Transport Solenoid and reach the stopping target. Of particular note are
since they will produce background electrons via pion-capture as discussed in
Section 3.6.2. However, in this instance the delayed live gate is not as effective in
reducing the pion-capture background events because the pions typically arrive
late at the stopping target due to the slowly traveling parent antiproton.

A large-scale simulation based on the GEANT4 framework is used to study the
background from antiprotons. Several improvements in the methodology, relative to that
employed for the Conceptual Design Report (CDR), have been implemented. In
particular, by artificially increasing the antiproton production cross section in the
simulation and by employing the staged approach and re-sampling techniques described
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in Section 3.5.1 we were able to significantly increase the statistics of the sample. In
addition the modeling of antiproton production and annihilation were significantly
improved in GEANT [61][62].

The simulation begins by modeling 8 GeV protons interacting in the production target to
produce antiprotons. The FTFP physics list was used with modifications that artificially
increased the antiproton production cross-section without changing the momentum or
angular distributions of the resulting antiprotons [63]. The GEANT4 predicted differential
cross section is compared to published results for a variety of targets and incident proton
energies in Figure 3.26. These comparisons were used to normalize the GEANT4
predicted total cross section to the experimental data [61][64]. The final sample of
antiproton-induced particles at the entrance to the DS, from which the background yield
is estimated, corresponds to 3.6x10°" protons on target. These particles are tracked
through the volume of the DS and reconstructed (cf. Section 3.5) and the selection criteria
of Section 3.5.3 are required.
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Figure 3.26. The GEANT4 predicted differential production cross-section for antiprotons is
compared with experimental data points (left). These comparisons are used to form bin-by-bin
corrections. On the right, the GEANT4 predicted distribution of antiproton momentum at the
production vertex is shown before (dashed line) and after (solid line) the corrections have been
applied. The shaded area represents a 50% uncertainty, which is the quadrature sum of the
experimental uncertainties and uncertainties associated with the correction procedure.

Using a single antiproton absorber in the middle of the TS, as was initially proposed in
the CDR, yields an estimated background of about 0.5 events, which is about five times
larger than the previous study. The difference is understood to come primarily from two
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effects. Firstly, the new antiproton production model predicts a larger number of high
momentum antiprotons (p > 1 GeV/c). Secondly, there is a significant contribution from
antiprotons produced in the forward direction at the production target that interact and
backscatter into the acceptance of the TS. The probability for this to occur is quite small
(~10"%) and the previous simulations, which used weighted events, did not have enough
statistics to observe this effect. The small transport probability is offset by the much
larger forward-production cross-section. This is demonstrated in Figure 3.27. From this
Figure the contribution from backward produced antiprotons is also clear, where the
smaller backward-production cross-section is compensated by the larger transport
probability (~107).
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Figure 3.27 Scatter plots of the antiproton direction (0) relative to the incoming proton direction
and momentum at production (left) and, for those that survive, at the entrance of the DS (right).
Here, only a single absorber window at the center of the TS was employed.

To reduce the background caused by antiprotons to an acceptable level, several
modifications are made to the TS beamline:

e A thin absorber (350 um kapton) is placed at the entrance to the TS.

e An arc shaped absorber (200 mm long, 30 mm thick carbon covering 140° in
azimuth) is placed at the bottom of the first TS collimator along the inner radius.

e The thickness of the original absorber at the center of the TS is increased (+80 um
kapton).

By placing an absorber further upstream in the TS, most of the antiprotons are annihilated

earlier than in the original design, so that the resulting n- either decay en-route to the DS
or reach the stopping target more quickly so that the delayed live gate is more effective at
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discriminating against them. The arc shaped absorber is designed to absorb most of the
high momentum antiprotons while minimally affecting the yield of muons stopping in the
aluminum stopping target. The increased thickness of the original absorber removes
antiprotons that scatter in the first absorber but are not annihilated.

The shape, thickness and position of the new absorbers were optimized to eliminate
antiprotons while minimally affecting muons. These modifications reduce the antiproton-
induced background by about a factor of 10 while reducing the yield of stopped-muons
by only 7%. The effect of these additional absorbers has been included in all the
background yield and CE single-event-sensitivity estimates presented in this report.

The final parameters and material choice for these absorbers is still being investigated as
we continue to consider fabrication, installation, and operational maintenance issues.

Including the modifications to the TS beamline, and using a full simulation and
reconstruction, the total antiproton-induced background for the selection criteria of
Section 3.5.3 is 0.047 + 0.024 events, where the uncertainty is the quadrature sum of the
statistical (3%) and the systematic uncertainty (50%, described below). This total
includes contributions from antiprotons that survive and annihilate in the stopping target
(0.022), pion-captures in the stopping target originating from pions produced in
antiproton annhilations upstream in the TS (0.021), and high energy electrons produced
in upstream antiproton annihilations that scatter in the stopping target and are
reconstructed (0.005).

The systematic uncertainty is dominated by uncertainties in the antiproton production
cross section. The experimental data used to normalize the GEANT4 prediction has an
uncertainty of about 35%. In addition, the normalization was applied as a single scale
factor. Comparisons of differential cross sections between data and the normalized
simulation show residual discrepancies at the level of about 35%, which is assigned as an
additional systematic uncertainty. Adding these in quadrature gives a total systematic
uncertainty of 50%.

3.6.5 Muon Decay-in-flight Background Yield

While the kinematic endpoint of the electron spectrum from free muon decay is well
below the 105 MeV expected for conversion electrons, in-flight muon decays can boost
the energy of the resulting electron into the signal region. For example, a muon moving
at 0.6¢ (approximately 79 MeV/c) can produce electrons at 105.6 MeV.

We define the muon decay-in-flight (L-DIF) background to correspond to those electrons

that originate from muons decaying inside the volume of the DS. Muon decays upstream
of the DS are included in the beam electron background discussed in Section 3.6.7. The
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estimate is made starting with the standard simulation sample discussed in Section 3.5.1
and corresponding to 2.08 x 10° protons on target. Muons that survive into the DS have
their arrival times, arrival positions, and momenta saved. We re-sample this saved sample
by randomizing the decay to make a large sample of p >evv decays in the DS volume.
In order to significantly reduce the amount of cpu-time required to make the estimate,
approximations are made that systematically overestimate the background. We separately
calculate the contribution to this background from in-time protons and out-of-time
protons.

Figure 3.28 - Figure 3.30 show the momentum, arrival time, and average momentum
versus arrival time for muons surviving to the DS. One can see that while muons
continue to arrive at the DS during the observation period, their typical momentum drops
with time, so that a smaller fraction of them will be energetic enough to produce a
background electron. The sample contains no muons with an arrival time t, > 700 ns and
with a momentum large enough to create a background electron (p > 75 MeV/c).
Therefore we set an upper limit on the number of background electrons from p-DIF from
in-time protons using to > 200 ns and extrapolate to later times.

muon momentum
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Figure 3.28 The momentum distribution of all muons surviving to the DS volume.

To extrapolate from the 200 ns start time to later times we use a dedicated simulation
sample, where muon decay is turned off, and only energetic (p >68 MeV/c) muons are
tracked. A total of 2.4 x 10" protons on target have been simulated with these settings.
The proton pulse time profile was not applied to the dedicated sample: all protons hit the
target at t=0. The arrival time of muons in this sample, weighted by their survival
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probability, is shown in Figure 3.31. The distribution drops by approximately 2 orders of
magnitude every 50 ns in the region where we have events. Assuming that this trend
continues we expect the yield of background electrons from p-DIF from in-time protons
to be < 10™ for ty > 450 ns, and to be negligible during the signal search window.
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Figure 3.29 The arrival time (ns) distribution for all muons surviving to the DS volume.
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Figure 3.30 A profile plot of the average momentum (MeV/c) as a function of the arrival time

(ns) for all muons surviving to the DS volume.

Mu2e Technical Design Report




3-56 Mu2e Technical Design Report

P — Entries  1.147044e407
Underflow 0l

Overflow 0|

muons/POT/10 ns
o
I

SR SN N S e

0 50 100 150 200 250 300 350 400
time [ns]

Figure 3.31. Arrival time of muons with p > 68 MeV/c at the upstream end of the DS. The
protons at the production target were all generated at t=0. This plot is used to extrapolate the yield
of energetic muons to larger times.

We separately estimate the background yield from in-flight decays of muons produced by
out-of-time protons surviving the extinction channel. Using the procedure described
above, but with the t, requirement removed, we estimate 9 x 10" background-like
electrons per out-of-time proton-on-target. Assuming an extinction of 10 this yields an
upper limit of 0.003 background electrons from u-DIF from out-of-time protons.

Summing the two contributions gives a total u-DIF background yield of < 0.003 events.

3.6.6 Pion Decay-in-flight Background Yield

The two-body ® — ev decay produces electrons with approximately 70 MeV/c
momentum. Electrons from in-flight pion decay can be boosted to higher momentum and
create background in Mu2e. For example a pion with momentum of about 58 MeV/c
can decay to produce a 105 MeV/c electron.

We define the pion decay-in-flight (t-DIF) background to correspond to those electrons
that originate from pions decaying inside the volume of the DS. Pion decays upstream of
the DS are included in the beam electron background discussed in Section 3.6.7. The
estimate is made starting with a simulation sample corresponding to 5 x 10’ protons on
target with pion decays disabled. The proper time of the pions is recorded and used to
weight candidate background electrons by the survival probability of their parent pion.
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Due to the short pion lifetime, the yield of background electrons from decay in flight of
pions that originate from in-time protons is significantly suppressed by the delayed live
gate. To estimate the contribution from the in-time protons, the momentum vector of
pions surviving to the DS is used to calculate the kinematics of daughter electrons
assuming a two-body evdecay. Electrons surviving relaxed requirements on MC truth
quantities are summed after accounting for the parent pion survival probability and the
n — ev branching fraction. The expected number of candidate background electrons
from n-DIF originating from in-time protons is estimated to be less than 10~ for t > 400
ns and is negligible for t > 700 ns.

The yield of background electrons from decay in flight pions originating from out-of-time
protons is estimated using a full simulation. The sample uses pions that survive to the DS
volume and are forced to decay via the T — ev channel. Using the standard track
reconstruction and selection criteria (cf. Section 3.5) and correcting for the survival
probability of the parent pion and the ® — ev branching fraction, the expected yield of
electrons from w-DIF originating from out-of-time protons is 0.0011 £+ 0.0001 assuming a
beam extinction of 10", where the uncertainty arises from the limited statistics of the
simulation sample.

Summing the two contributions gives a total ©-DIF background yield of 0.001 events.

3.6.7 Beam Electron Background Yield

Electrons produced in the Production and Transport Solenoids are a potential source of
background. These beam electrons can be produced in the production target, primarily
through 7’ production followed by conversion of the decay photons. They can also be
produced by decays or interactions of beam particles anywhere upstream of the muon
stopping target. Electrons produced from upstream antiproton annihilations are included
in the estimate of Section 3.6.4 and are excluded here to avoid double-counting them.

The principal means of mitigating backgrounds from beam electrons are twofold. The
collimators in the Transport Solenoid are designed to suppress the transport of particles
with momenta above 100 MeV/c and the magnetic field in the upstream section of the
Detector Solenoid is graded, which trades pr for p, and pitches forward particles entering
the DS from the beamline (i.e. towards smaller 0). The graded field in the upstream
portion of the DS is designed to pitch forward beam particles so that they fall outside the
acceptable pitch range specified in Section 3.5.3 provided the particle does not scatter in
the stopping target.
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To estimate the background from beam electrons we begin with the output of the stage 2
simulation sample discussed in Section 3.5.1. The secondary particles were transported
through the muon beamline to the entrance of the DS, with all physics processes enabled.
High momentum electrons arrive within 200 ns of protons striking the production target,
which is much earlier than the start of the delayed live gate. For 2.2x 10’ simulated
protons on target, there are only 165 high energy electrons (p > 95 MeV/c) entering the
DS. The angular distribution of beam electrons is concentrated at small angles with
respect to the detector axis, as is illustrated in Figure 3.32. Consequently, the electrons
must undergo a large-angle scatter in materials upstream of the tracker in order to satisfy
the pitch angle criteria of Section 3.5.3.
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Figure 3.32 Distribution of cos(0) for high-momentum electrons (p > 95 MeV/c) entering the DS.
Note that our selection criteria require 45° < < 60°, corresponding to 0.500 < cos(8) < 0.707.

To estimate how often beam electrons will experience a large-angle scatter, a dedicated
simulation was performed. The high momentum electrons arriving at the DS from the
stage 2 simulation were resampled using a kernel density function approach. Each high
momentum electron is replaced by a “cloud” of 1000 electrons whose position, energy,
and direction were randomized according to probability distribution functions (PDF)
determined from fits to the original sample. The resulting dataset is passed through the
GEANT4 simulation 100 times, varying the random number seed, to accumulate the rare
large-angle scattering events. Electrons that intersect the geometric volume of the tracker
were recorded. This dedicated simulation sample corresponded to 2.2 x 10'* protons on
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target and yielded 16 electrons that intersected the tracker with momentum 100 <p <110
MeV/c and pitch 0.4 < p,/p <0.7. All high momentum electrons arrived at the DS within
150 ns after their parent proton hit the production target. Thus, the delayed live gate
completely eliminates this background for beam electrons originating from in-time
protons. Out-of-time protons can, however, produce beam electrons in the delayed live
gate, but these are suppressed by the extinction channel. For 3.6 x 10*° protons on target
and an extinction of 10™"°, the beam-electron background yield is estimated to be (2.6 +
1.4) x 107, where the uncertainty includes statistical (25%) and systematic (50%)
contributions added in quadrature. The systematic uncertainty was determined by varying
the fit used to determine the PDF for the kernel density re-sampling, repeating the
simulation, and recalculating the background. The full scale of the observed variations
relative to the nominal background estimate (£50%) is assigned as the systematic
uncertainty.

3.6.8 Cosmic Ray Induced Background Yield

Backgrounds from cosmic ray interaction or decay are a potentially limiting background
and must therefore be vetoed using detectors that cover a large portion of the solid angle
around the Detector Solenoid and a portion of the Transport Solenoid (the Cosmic Ray
Veto system, CRV, is discussed in Section 10). These detectors must perform with high
efficiency despite a hostile environment that includes a large flux of neutrons emanating
from the muon stopping target, muon beam stop, the production target, and the TS
collimators. Note that the cosmic ray background scales with live running time rather
than with the number of protons on target.

Cosmic rays can induce background through a number of mechanisms, including

e Muon decay in the Detector Solenoid.

e Muon interactions in the stopping target, proton absorber, tracker, calorimeter, or
other nearby material that produces electrons.

e Muons that enter the Detector Solenoid, scatter in the stopping target and are
misidentified as electrons.

e Muons at shallow angles that enter the Transport Solenoid, scatter in a collimator,
and produce electrons or traverse the DS and are misidentified as electrons.

Simulation studies were done to determine the various types of backgrounds induced by
cosmic-ray muons, the required coverage and efficiency of the CRV, and the required
calorimeter particle-identification efficiency in rejecting events that mimic conversion
electrons.
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Two types of simulations have been done: a “general” simulation, in which cosmic rays
are generated over the entire DS and TS regions, and “targeted” simulations, in which the
cosmic rays are generated within a limited phase space in order to target specific regions
of limited CRV coverage with high statistics. These regions include the start of the CRV
in the middle of the TS, and the DS-upstream and DS-downstream sections of the CRV.

Only the muon component of the cosmic-ray flux is simulated. The energy spectrum and
angular distribution is based on the Daya Bay code [66]. The Daya Bay predictions are
found to agree to within 20% when compared to the predictions of the CRY [67]
generator and to data [68]. The 20% is assigned as a systematic uncertainty.

General Simulation

In the general simulation the cosmic-ray muons are generated uniformly in a horizontal
production plane centered at the middle of the tracker. They are propagated from the
surface plane above the detector hall to the tracker. The GEANT4 detector simulation and
reconstruction algorithms described in Section 3.5 are employed. We record tracks
surviving the track selection criteria of Section 3.5.3 with an extended momentum
window 100 < p < 110 MeV/c in order to increase statistics. Note that the acceptance of
the tracker is relatively uniform over this range of momenta, so a simple scaling, based
on the ratio of the widths of the relevant momentum windows, can be applied to estimate
the final background yield.

By default the track reconstruction algorithm performs pattern recognition assuming an
electron traveling in the downstream direction (ie. away from the stopping target towards
the calorimeter). The simulation reveals a special class of background events that
originate with muons that enter the tracker from the downstream end of the DS, — for
example, after scattering in the calorimeter - move upstream through the tracker toward
the stopping target, get reflected by the graded magnetic field in the region of the
stopping target, and then re-enter the tracker traveling in the downstream direction. An
example of such an event is depicted in Figure 3.33. A large fraction of these events can
be identified and removed by re-running the track reconstruction algorithm assuming an
electron traveling in the upstream direction (ie. away from the calorimeter towards the
stopping target). Events for which an upstream track is reconstructed are rejected. This
selection is >99% efficient for conversion electrons satisfying the track selection criteria
of Section 3.5.3.

About two-thirds of the surviving events are electrons with u*, i, and e” accounting for

the other one-third. The application of the calorimeter and particle-identification criteria
of Section 3.5.3 removes the non-electron tracks. The e’ and u" fail to satisfy the At
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requirement since they originate in the calorimeter and travel upstream through the
tracker, the W fail the particle-identification likelihood-ratio requirement.

A total of 27.909 billion cosmic-ray events were generated. This corresponds to a veto
live time of 2.98 x 10° seconds, which is about 2% of the total veto live time [69]. Out of
the generated events, 61,199 events could be reconstructed with a downstream electron
hypothesis. Table 3.3 below lists the number of events surviving the various requirements.
It also lists the types of particles responsible for the reconstructed tracks. The production
processes and the production volumes of the events surviving the track selection criteria

are shown in Figure 3.34.
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Figure 3.33 An event display from simulation showing a background candidate induced from a
through-going cosmic ray that interacts in the calorimeter to create an electron. The electron,
shown in red, first travels upstream, then gets reflected and travels downstream through the
tracker. Both the upstream and downstream segments are reconstructed (light blue and dark blue).

Table 3.3: Number of events surviving different requirements from the “general” simulation
described in the text. The sample represents about 2% of the total veto live time.

Events e e W TR N
Reconstructed as downstream-going e’ 61,199 18,429 3,766 18,686 20,316
Survive track-selection criteria (100<p<110 441 243 23 85 9% 0 0
MeV/c)
Veto events reconstructed as upstream-going e- 201 140 4 21 33
Survive calorimeter and particle-id criteria 131 131 0 0 0
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Figure 3.34: Production processes (left) and production volumes (right) of the cosmic-ray muon
induced particles that are reconstructed as downstream going electrons and surviving the track
selection criteria of Section 3.5.3.

All of the surviving events (even excluding the calorimeter requirements) were induced
by cosmic rays that traverse at least one of the CRV sections and can thus be vetoed.
About 15% traverse more than one CRV section.

Assuming a CRV inefficiency of 10, scaling to the momentum window in Section 3.5.3,
and normalizing to the full expected veto live time of Mu2e gives a total cosmic-ray
induced background of 0.078 + 0.017, where the uncertainty is the quadrature sum from
the statistical (8%) and systematic (20%) uncertainties.

Targeted simulations

The targeted simulations employ the same detector simulation and reconstruction
algorithms as the general simulations, but begin with cosmic-rays generated over a
limited phase-space so as to target regions of Mu2e with limited CRV coverage, where
the 10™* suppression from the veto does not apply. The purpose of these simulations is to
identify potential sources of cosmic-ray induced background that may be under-
represented in the general simulation sample described above because they occur with
very small probability. Three separate targeted simulations are performed: cosmic rays
incident on the y-z plane located at x = -104 mm (which sits at the opening of the CRV
where it surrounds the middle of the TS), cosmic rays incident on the portion of the CRV
located at the downstream end of the DS (CRV-D), and cosmic rays incident on the
portion of the CRV located at the upstream end of the DS (CRV-U). Each of these
targeted simulations corresponded to a veto live time of about 100% of the Mu2e
expected veto live time.

The TS and CRV-U targeted samples yield 6 p that survive the track reconstruction
selection criteria and are candidate background events. These are induced by very
shallow angle cosmic rays that enter the TS and scatter in the collimator in the middle of
the TS. None of them can be vetoed by the CRV. Scaling to the momentum window of
Section 3.5.3 and to the expected Mu2e veto live time gives a background estimate of
0.77 events surviving the track selection criteria and upstream-veto. In the simulation
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none of the 6 events survive the calorimeter and particle-identification criteria. The
expected muon rejection of these criteria is 200.

After the application of all selection criteria these targeted simulations predict an
additional cosmic-ray induced background of 0.004 + 0.002 events, where the total
uncertainty includes the statistical (41%) and systematic (20%) uncertainties added in
quadrature.

The CRV-D targeted sample yields 1 primary ' that survives the track reconstruction
selection criteria and is a candidate background event. This cosmic ray enters in the lower
half of the downstream DS, where, currently, there are no CRV modules. This event is
rejected by the calorimeter and particle-identification requirements. As a consequence of
this targeted simulation, we plan to extend the CRV coverage in this region so that events
of this type will be additionally vetoed by the CRV. Assuming this additional CRV
coverage, events like this contribute negligibly to the cosmic-ray induced background.

Results

Summing over the results of the general and targeted simulations yields a total cosmic-
ray induced background of 0.082 + 0.018 events, assuming a CRV inefficiency of 10 (as
required) and a particle identification muon-rejection factor of 200 (as required). The
total uncertainty includes statistical (8%) and systematic (20%) uncertainties added in
quadrature.

It is important to note that Mu2e will be able to directly measure the cosmic-ray induced
background using data collected when the beam is not being delivered.

3.7 Summary of Background Yields and Signal Sensitivity

The background estimates from this Chapter are summarized in Table 3.4. Using the
selection criteria of Section 3.5.3 yields a total background estimate of 0.36 + 0.10 events.
The uncertainty includes contributions from the limited statistics available in the
simulation samples used to make the estimates and contributions from systematic
uncertainties that quantify the effect of various modeling uncertainties as discussed in the
text. Some of these uncertainties will likely be reduced once measurements with data can
be made.

The expected single-event sensitivity for a three-year run is (2.87 iggg) x10™"7 as set out
in Table 3.5. We assume three-years worth of physics running at 2 x 10’ seconds of
running per year at an average beam power of 8 kW, corresponding to two batches of 4 X
10'? protons from the booster every 1.33 seconds. For planning purposes, the actual run

Mu2e Technical Design Report



3-64 Mu2e Technical Design Report

duration is assumed to last an additional year — 4 years total — to accommodate
calibration runs, cosmic-ray veto studies, and dedicated background runs.

Table 3.4 A summary of the estimated background yields using the selection criteria of Section
3.5.3. The total run time and corresponding number of protons on target are provided in Table 3.5.
An extinction of 107, a cosmic ray veto inefficiency of 10, and particle-identification with a
muon-rejection of 200 are used. ‘Intrinsic’ backgrounds are those that scale with the number of
stopped muons, ‘Late Arriving’ backgrounds are those with a strong dependence on the achieved
extinction, and ‘Miscellaneous’ backgrounds are those that don’t fall into the previous two
categories.

Category Background process Estimated yield
(events)

Intrinsic Muon decay-in-orbit (DIO) 0.199 +0.092
Muon capture (RMC) 0.000 " o0

Late Arriving Pion capture (RPC) 0.23 £ 0.006
Muon decay-in-flight (u-DIF) <0.003

Pion decay-in-flight (n-DIF) 0.001 £+ <0.001

Beam electrons 0.003 £0.001

Miscellaneous Antiproton induced 0.047 +0.024
Cosmic ray induced 0.082+0.018

Total 0.36 £0.10

Relative to the sensitivity reported in the Mu2e Conceptual Design Report, the CE single-
event sensitivity has improved by about a factor of two while keeping the background
unchanged (within uncertainties). Most of the improvement is due to improvements in the
reconstruction algorithms and to optimizations of detector material. It’s worth noting that
this improvement was achieved in the face of adding realism to the detector simulations,
which often degraded the sensitivity. Additional improvements can be expected,
including using the calorimeter to seed the pattern recognition algorithm. Initial studies
show that such an algorithm can add 5-10% (relative) efficiency to the total acceptance x
efficiency after all selection criteria and that the combination of track reconstruction
algorithms has an efficiency that is less dependent on the rate of accidental hits in the
tracker. In addition, the two algorithms can be played-off of one another and together
provide for a more efficient and more robust reconstruction.
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Table 3.5 The expected sensitivity for three years worth of physics running. The single-event
sensitivity shown here is about a factor of two better than what was achieved for the CDR. This
improvement is mostly due to improvements in the reconstruction algorithms and other minor
optimizations. These improvements and optimizations will continue and the sensitivity is
expected to reach the indicated goal.

Parameter Value
Physics run time @ 2 x 107 s/yr. 3 years
Protons on target per year 1.2x10%
WL~ stops in stopping target per proton on target 0.0019
W~ capture probability 0.609
Total acceptance x efficiency for the selection criteria of Section 3.5.3 (8.5 +h )%
Single-event sensitivity with Current Algorithms (2.87 igzg) x107"7
Goal 24%10"
3.8 Summary of Physics Requirements

The physics requirements necessary to achieve the sensitivity estimated in Table 3.5 are

detailed in [70] and are summarized here.

To suppress prompt backgrounds from beam electrons, muon decay-in-flight,
pion decay-in-flight and radiative pion capture requires a pulsed beam where the
ratio of beam between pulses to the beam contained in a pulse is less than 10",
This ratio is defined as the beam extinction. The spacing between beam pulses
should be about twice the lifetime of muonic aluminum (>864 ns) and the beam
pulse should not be wider than 250 ns.

In order to suppress backgrounds from decays of muons in atomic orbit in the
stopping target, the reconstructed width of the conversion electron energy peak,
including energy loss and resolution effects, should be on the order of 1 MeV
FWHM or better with no significant high energy tails.

In order to suppress backgrounds from beam electrons, the field in the upstream
section of the Detector Solenoid must be graded so that the field decreases toward
the downstream end. This graded field also serves to increase the acceptance for
conversion electrons.

Suppression of backgrounds from cosmic rays requires a veto surrounding the
detector. The cosmic ray veto should be nearly hermetic on the top and sides in
the region of the collimator at the entrance to the Detector Solenoid, the muon
stopping target, tracker, and calorimeter. The overall efficiency of the cosmic ray
veto should be 0.9999 or better.
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Suppression of long transit time backgrounds places requirements on the magnetic
field in the Production Solenoid, the Detector Solenoid, and the straight sections
of the Transport Solenoid. The Production Solenoid must have a field that, as one
moves downstream, rises to a maximum upstream of the target then decreases
uniformly, which results in the target being located in a region of negative
gradient. From the production target to the downstream end of the Production
Solenoid, there must be no local positive gradients in the particle transport portion
of the magnetic field volume (as opposed to regions where there is shielding
material). The negative gradient causes the pitch of helices to increase with time
(pitch is proportional to p(longitudinal)/p(total)), generally reducing transit times
of particles, preventing local trapping of particles, and increasing the number of
low energy charged particles traveling downstream. The field gradients in the
three straight sections of the Transport Solenoid must be continuously slightly
negative and relatively uniform in order to avoid trapped particles and reduce the
downstream transit times of particles.

The ability to separate muons and pions from electrons with high reliability and
high efficiency is required to eliminate backgrounds from ~105 MeV/c muons
and pions.

To mitigate backgrounds induced from antiproton annihilation, thin windows in
appropriate places along the muon beam line are required to absorb antiprotons.
The capacity to identify and record events of interest with high efficiency must
exist.

The capacity to take data outside of the search window time interval must exist.
The capacity to collect calibration electrons from 7° — e Vv is required.

The capacity to measure the beam extinction to a level of 10" with a precision of
about 10% over about a one hour time span must exist.

The capacity to determine the number of ordinary muon captures with a precision
of order 10% must exist.

The muon beam line is required to have high efficiency for the transport of low
energy muons (~0.002 stopped negative muons per 8 GeV proton on target). To
mitigate backgrounds from muon and pion decay-in-flight, it must suppress
transport of high-energy muons and pions. It must also greatly suppress the
transport of high energy electrons.

The muon beam line should avoid a direct line-of-sight path of neutral particles
(mainly photons and neutrons) from the production target to the muon stopping
target.

The detectors must be able to perform in a high-rate, high-radiation environment.
The muon beam line should be evacuated.

Fermi National Accelerator Laboratory



Chapter 3: Muon to Electron Conversion 3-67

3.9 Experimental Reach with Evolution of Fermilab
Accelerator Complex

It is worth considering whether there exist plausible upgrade paths for Mu2e. One
possible scenario would utilize an upgraded Fermilab accelerator complex to further
probe charged-lepton flavor violation with an improved MuZ2e.

Fermilab is pursuing a “Proton Improvement Plan” (PIP) campaign to improve the
reliability, beam-power and flexibility of the accelerator complex. The first stage of this
campaign is now underway (PIP-I) and will support the proton beam requirements of the
Mu2e experiment defined in this Technical Design Report. The next phase of this
campaign, PIP-II [71], is a mature concept that envisions a number of additional
improvements and modifications to the Fermilab accelerator complex, providing the U.S.
with the opportunity to establish long-term world leadership in particle physics research
based on intense beams. The primary goals of PIP-II are to provide unique capabilities in
delivering proton beam power of greater than 1 MW to the neutrino production target at
the initiation of LBNF (Long Baseline Neutrino Facility) operations, and to establish a
flexible platform for future development of the Fermilab complex to multi-MW
capabilities in support of a broader research program.

PIP-II’s capabilities to improve Mu2e sensitivity have been studied by the collaboration
[72]. PIP-II would replace the 8kW, 8-GeV proton beam of PIP-I with an 80kW 1-GeV
beam with flexible proton pulse timing and a proton pulse width of 100 nsec, about half
the proton width of PIP-I. The lower beam energy of PIP-II eliminates backgrounds from
antiproton production and will reduce radiation damage to the Production Solenoid per
stopped muon. The narrower proton pulse width will reduce backgrounds from Radiative
Pion Capture (RPC) and facilitate pulse frequency optimization for other stopping targets
(such as titanium) with shorter capture lifetimes. A modest upgrade of the cryogenic
cooling capacity for the PIP-II superconducting linac will permit the proton beam to
operate with nearly a 100% duty factor, reducing instantaneous detector rates per stopped
muon by a factor of three with respect to PIP-I.

In the instance of no conversion electron signal observed by Mu2e in the PIP-I era,
operations of a suitably upgraded Mu2e detector in the PIP-II era can further increase the
search sensitivity with an aluminum stopping target by nearly an order of magnitude. If
Mu2e observes a conversion electron signal, then operations in the PIP-II era can
dramatically increase the statistical significance of the observation and provide an
opportunity to search for another conversion signal with a different stopping target such
as titanium. Establishing a conversion signal on two different nuclei will be an important
test of detector response systematics and can begin to discriminate the character of the
new physics driving the electron conversion as depicted in Figure 3.35 [73].
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Figure 3.35. Target dependence of the 4 — e conversion rate in different single-operator
dominance models considered in [73]. The conversion rates are normalized to the rate in
aluminum (Z = 13) versus the atomic number Z for the four theoretical models described therein:
D (blue), S (red), V(y) (magenta), V(Z) (green). The vertical lines correspond to Z =13 (Al), Z =
22 (Ti), and Z = 82 (Pb). See [73] for details.
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4  Accelerator Systems

4.1 Introduction

The secondary muon beam on the Mu2e stopping target is derived from the decay of
pions produced by the interaction of an intense 8 GeV kinetic energy proton beam with a
tungsten target. This chapter describes the upgrades to the existing Fermilab Accelerator
facilities required for the delivery and targeting of the primary proton beam.

4.1.1 Accelerator Systems project scope

The Mu2e Accelerator Systems upgrades (WBS 475.02) are divided into eight Level 3
sub-projects that are shown in Table 4.1. These sub-projects are briefly described in this
introduction and will be elaborated in detail in the remainder of this chapter.

Table 4.1 Mu2e Accelerator Systems Level 3 sub-projects

WBS Name

475.02.01 Project Management
475.02.03' Instrumentation and Controls
475.02.04 Radiation Safety Improvements
475.02.05 Resonant Extraction System
475.02.06 Delivery Ring RF System
475.02.07 External Beamline

475.02.08 Extinction Systems

475.02.09 Target Station

4.1.1.1 Project Management

The Project Management WBS item contains the project management tasks for the Mu2e
Accelerator Upgrades. These tasks include reviews, reports, supervision of the
Accelerator Upgrades management team, Technical Board meetings, Accelerator Level 3
management meetings, standards preparation, EVMS tracking and analysis, cost
estimates, schedule preparation, and change control.

4.1.1.2 Instrumentation and Controls

The Instrumentation and Controls WBS item contains the tasks necessary for the design
and fabrication of the accelerator controls and instrumentation upgrades required for
operation of the Fermilab Accelerator Complex for the Mu2e experiment. These tasks
include:

' WBS 475.02.02 contains conceptual design work for Recycler Ring extraction upgrades that are no longer
part of the scope of the MuZ2e project.
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e Design and implementation of required controls systems upgrades for beam
transport to the Recycler Ring and the Delivery Ring

e Design and implementation of Delivery Ring Abort controls
e Design and implementation of the M4 beamline control system
e Design and implementation of Delivery Ring instrumentation upgrades for Mu2e

e Design and implementation of instrumentation for the M4 beamline

The Instrumentation design and implementation is described in detail in section 4.3. The
design and implementation of control system upgrades are described in detail in section
4.4.

4.1.1.3 Radiation Safety Improvements

The Radiation Safety Improvements WBS item contains the tasks required for the design
and implementation of the Radiation Safety upgrades that are required to maintain the
level of radiation protection required by the Fermilab Radiological Control Manual.
These tasks include the following:

e Design, fabrication, and implementation of an M1 beamline to Delivery Ring
Total Loss Monitor (TLM) radiation safety system

e Design, fabrication, and implementation of the Delivery Ring radiation safety
system upgrades, which includes a Delivery Ring TLM radiation safety system
and in-tunnel shielding of known beam loss points

e Design, fabrication, and implementation of the external (M4) beamline radiation
safety system, which includes M4 beamline safety system interlocks, M4
beamline TLM system, and M4 beamline in-tunnel shielding

e Design, fabrication, and implementation of the Mu2e proton service building
radiation safety interlock system

Radiation Safety Improvements are described in detail in section 4.5.

4.1.1.4 Resonant Extraction System

The Resonant Extraction System WBS item contains the tasks required for the design,
fabrication, and installation of the systems necessary for the resonant extraction of Mu2e
beam from the Delivery Ring synchrotron. These tasks include the following:

e General engineering design of the Delivery Ring resonant extraction system

e Design, manufacture, and installation of the resonant extraction electrostatic
septum (ESS) modules (two modules) and power supply
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Design, procurement, and installation of the resonant extraction tune quadrupole
magnets and power supplies

Design, manufacture, and installation of the resonant extraction harmonic
sextupole magnets and power supplies

Design, procurement/manufacture, and installation of the resonant extraction
dynamic bump magnets and power supplies

Design, manufacture, and installation of the resonant RF knock out (RFKO)
kicker and power supply

Design, manufacture, and installation of the resonant extraction fast feedback
devices and electronics.

The Resonant Extraction System design is described in detail in section 4.6.

4.1.1.5 Delivery Ring RF System
The Delivery Ring RF System WBS item contains the tasks required for the design and

construction of a 2.4 MHz RF system that synchronously captures beam from the

Recycler Ring and holds it in a stationary RF bucket during resonant extraction. These
tasks include the following:

Design, construction, and installation of the Delivery Ring 2.4 MHz low level RF
system

Design, manufacture, and installation of an LCW cooling system for the 2.4 MHz
RF cavity

Procurement and installation of an 8 kW driver amplifier for the 2.4 MHz RF
cavity

Installation of the 2.4 MHz RF Cavity’

Longitudinal tracking simulation model of the Delivery Ring 2.4 MHz RF system
that predicts the longitudinal phase space distribution of protons during the Mu2e
spill.

The Delivery Ring RF System design is described in detail in section 4.7.

4.1.1.6 External Beamline
The External Beamline WBS item contains the tasks required for the design, fabrication,

and installation of the systems necessary for the delivery of Mu2e beam from the

Delivery Ring synchrotron to the Mu2e proton target. These tasks include:

* The 2.4 MHz RF cavity is provided by the Recycler RF AIP
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e Design of the external (M4) beamline optics that includes: vertical bend out of the
Delivery Ring, the left bend section, extinction dipole insert, extinction
collimation section, diagnostic absorber line, and final focus section

e Magnet and power supply selection, procurement, and installation for the M4
beamline

e Design, fabrication, and installation of the M4 beamline vacuum and mechanical
systems

e Design, fabrication, and installation of the M4 diagnostic absorber and associated
beamline.

The External Beamline design is described in detail in section 4.8.

4.1.1.7 Extinction Systems

The Extinction Systems WBS item contains the tasks required for the design, fabrication,
and installation of the systems necessary for the extinction of out-of-time particles
en route to the proton target as well as the systems for monitoring the level of extinction
achieved. These tasks include:

e Design, fabrication, and installation of the extinction 300 kHz and 5 MHz AC
dipole magnets and power supplies

e Design, fabrication, and installation of the extinction collimation system in the
M4 beamline.

e Design, fabrication, and installation of the target extinction monitoring system.

Extinction design is described in detail in section 4.9. Extinction monitoring is described
in section 4.10

4.1.1.8 Target Station

The Target Station WBS item contains the tasks required for the design, fabrication, and
installation of the systems necessary for the proton target station. These tasks include the
following:

e Design and fabrication of the MuZ2e proton target and target support system

e Design, fabrication, and installation of the Production Solenoid (PS) Heat and
Radiation Shield (HRS)

e Design, fabrication, and installation of the proton target beam absorber
e Design and fabrication of the PS and HRS protection collimator

e Design, fabrication, and implementation of the proton target handling system.
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The design of Target Station components is described in detail in section 4.11.

4.1.2 Muon Campus Projects

The upgrades to the Fermilab Accelerator complex necessary to run the Mu2e experiment
are distributed over several projects. These projects will transform the Fermilab
Antiproton Source into what is now called the Muon Campus [1]. In the near term, the
Muon Campus will support the operation of the Muon g-2 and the Mu2e experiments.

Many of the accelerator upgrades required for the Mu2e experiment are also necessary
for Muon g-2. Since the g-2 experiment will run before Mu2e, these upgrades will be
installed and commissioned well before they are needed for Mu2e beam operations.
Table 4.2 gives a summary of the various accelerator upgrades that are required for the
successful operation of the Mu2e experiment, but are not within the scope of the Mu2e
Project.

4.1.3 Accelerator Requirements

The Mu2e Accelerator upgrades are governed by seven requirements documents. These
documents are:

e Mu2e Proton Beam Requirements [2]

e Beam Extinction Requirement for Mu2e [3]

e Production Target Requirements [4]

e Extinction Monitor Requirements [5]

e Requirements for the Mu2e Production Solenoid Heat and Radiation Shield [6]
e Mu2e Proton Beam Absorber Requirements [7]

e Protection Collimator Requirements [8].

The Beam Extinction and Extinction Monitoring requirements are described in
sections 4.9 and 4.10 of this chapter. The Production Target, Heat and Radiation Shield,
Proton Beam Absorber, and Protection Collimator requirements are handled in the Target
Station section (section 4.11). The Mu2e Proton Beam Requirements will be described
here.
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Table 4.2 Accelerator Upgrades required for the Mu2e Experiment

Accelerator Upgrade Project

MI-8 beamline to Recycler Ring Injection NOVA Project
Recycler Ring 2.5 MHz RF system Recycler RF AIP’
Delivery Ring 2.4 MHz RF Cavities Recycler RF AIP
Single bunch extraction from Recycler Ring Beam Transport AIP
Beamline aperture upgrades Beam Transport AIP
AP1, AP2, AP3 to M1, M2, M3 conversion Beam Transport AIP
Beam transport instrumentation & infrastructure Beam Transport AIP
Beam transport controls Delivery Ring AIP
Delivery Ring Injection Delivery Ring AIP
Delivery Ring Abort Delivery Ring AIP
Delivery Ring infrastructure Delivery Ring AIP
Delivery Ring Controls and Instrumentation Delivery Ring AIP
D30 straight section reconfiguration g-2 Project

Delivery Ring Extraction (except ESS) g-2 Project
Extraction line (M4) to M5 split g-2 Project

M4 beamline enclosure MC Beamline Enclosure GPP*

The Mu2e experiment requires a total of approximately 3.6 x 10°° protons delivered to
the production target over the course of a 3 to 4 year run. The proton beam consists of a
train of narrow pulses that must be separated by an interval that is longer than the lifetime
of a u captured in the Aluminum stopping target (864 nsec). Furthermore, the proton
beam must be extinguished between these pulses such that the ratio of out-of-time beam
to in-time beam is less than 10™'°. The narrow pulse and extinction level requirements are
necessary for the reduction of prompt background events to an acceptable level. The
Mu2e Proton Beam Requirements are summarized in Table 4.3. These requirements are
illustrated pictorially in Figure 4.1.

4.1.4 Mu2e Operating Scenario

The proton beam will require considerable manipulation to produce the longitudinal
structure required by the Mu2e experiment. These manipulations are performed in the
Recycler and the Delivery storage rings and in the beamline that connects the Delivery
Ring to the target. Figure 4.2 shows the layout of the Fermilab accelerator systems used
to accomplish the Mu2e beam manipulations (see also Figure 4.6).

? An AIP is an Accelerator Improvement Project
* A GPP is a General Plant Project
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Table 4.3. Summary of the Mu2e Proton Beam Requirements

Parameter Design Value Requirement Unit
Total protons on target 3.6x10%° 3.6x10% protons
Time between beam pulses’ 1695 >864 nsec
Maximum variation in pulse separation <1 10 nsec
Spill duration 54 >20 msec
Beamline Transmission Window 230 250 nsec
Transmission Window Jitter (rms) 5 <10 nsec
Out-of-time extinction factor 1070 <10
Average proton intensity per pulse 3.1x10’ <5.0x10"  protons/pulse
Maximum Pulse to Pulse intensity variation 50 50 %
Minimum Target rms spot size® 1 0.5 mm
Maximum Target rms spot size’ 1 1.5 mm
Target rms beam divergence 0.5 <4.0 mrad

3 1695 nsec

250 nsec <«— 1010 Extinction

/31 Mp/pulse £ 50%

Proton Pulse Proton Pulse Time
Figure 4.1. Longitudinal structure of the proton beam delivered to the Mu2e production target.
The green shapes show the time profile of a beam pulse. The extinction and beam pulse intensity
requirements are illustrated.

Protons designated for Mu2e are acquired from the Booster synchrotron by utilizing the
unused portions of the Main Injector timeline during slip-stacking operations for NOvA
(see Figure 4.3). Booster protons containing 81 batches of 53 MHz bunches, are extracted
into the MI-8 beamline and injected into the Recycler Ring. As each batch circulates in
the Recycler Ring it is re-bunched with a 2.5 MHz RF system [9] to form four bunches
with the bunch characteristics required by the Mu2e experiment (see Section 4.7). After

> This is the Delivery Ring revolution period.
% Assumes a round beam
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the 2.5 MHz bunch formation, the beam is extracted from the Recycler, one bunch at a
time, and transported to the Delivery Ring. The beam is then resonantly extracted into the
M4 beamline where it is transported to the Mu2e production target (see Sections 4.6 and
4.8). After the resonant extraction sequence is complete, a cleanup abort kicker is fired to
remove any remaining beam.

Figure 4.2. The components of the Fermilab accelerator complex used to acquire protons for the
Mu2e experiment. The proton beam path from Booster to Recycler is shown in yellow. The beam
path in the Recycler is in red. The beam path from Recycler to Delivery Ring is in blue, and the
beam path from Delivery Ring to Mu2e target is in green.

The Delivery Ring to Mu2e target external beamline (called the M4 beamline) is a new
facility that transports the proton beam to the Mu2e production target (Section 4.8). The
M4 beamline contains a beam extinction insert that removes out-of-time beam to the
required level (Section 4.9). Upon arrival at the production target, the beam interacts with
a tungsten target inside the shielded super-conducting Production Solenoid (Section 4.11).
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The resulting pions decay, producing the muons that will ultimately constitute the muon
beam for the experiment.

4.1.5 Macro Time Structure of the Proton Beam

The Mu2e experiment must share the Recycler Ring with the NOVA experiment, which
uses the Recycler for proton slip-stacking. This sharing is accomplished by performing
the required Mu2e beam manipulations in the Recycler prior to the injection of the first
proton batch designated for NOVA. There are a total of twenty possible proton batch
injections into the Recycler Ring from the Booster within each Main Injector cycle.
These proton injections will occur at a maximum rate of 15 Hz (one batch every
67 msec)’. Of the twenty available proton batches, NOVA requires twelve batches for
slip-stacking. That leaves eight injection ticks (533 msec) for Mu2e to acquire its beam
and complete the 2.5 MHz bunch formation process (see Figure 4.3).

>

Main Injector Ramp

RR Inject

] Mu2e Batch  NOvA Batch

Figure 4.3. The accelerator timeline is shared between Mu2e and NOVA. The blue and red bars
represent Mu2e and NOVA proton batch injections respectively. Mu2e beam manipulations in the
Recycler Ring occur in the first eight 15 Hz ticks®. NOVA proton batches are slip-stacked during
the remaining twelve 15 Hz ticks. The total length of a cycle is 20 ticks = 1.333 sec.

Figure 4.4 shows the utilization of the Mu2e portion of the Main Injector cycle. Two
proton batches are injected into the Recycler, one at the beginning of the cycle and one
four Booster cycles (ticks) later. Each batch occupies one seventh of the circumference of
the Recycler Ring. After each injection, the beam circulates for 90 msec while the
2.5 MHz bunch formation RF sequence is performed. This RF manipulation coalesces the
proton batch into four 2.5 MHz bunches. These bunches are transferred, one bunch at a

" This statement assumes the successful implementation of the Proton Improvement Plan (PIP).
¥ One Booster tick = 1/15 sec = 66.7 msec.
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time, to the Delivery Ring where the beam is slow-spilled to the experiment. Table 4.4
gives the parameters of the spill.
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Figure 4.4. This figure shows the first eight Booster ticks of a Main Injector cycle. The top graph
shows the Recycler Ring beam intensity as a function of time. The bottom plot shows the
Delivery Ring beam intensity as a function of time. Proton batches are injected into the Recycler
at the beginning of the cycle and again at the fourth tick. After each injection, the beam is
bunched with 2.5 MHz RF and is synchronously transferred to the Delivery Ring one bunch at a
time. The beam is then resonantly extracted from the Delivery Ring over a period of 54 msec.

4.1.6 Accelerator Parameters

Table 4.5 gives a list of accelerator parameters pertinent to the Mu2e accelerator
configuration. Unless otherwise stated, these values are used in the calculations and
simulations described in this chapter.

4.2 Beam Physics Issues

The beam intensities anticipated for Mu2e operation far exceed the intensities seen in the
Antiproton Source during Collider running. Thus, intensity dependent effects must be
given careful consideration. We discuss separately the impact of high intensity on the
transverse and longitudinal degrees of freedom. Transverse effects predominantly
manifest themselves in beam self-defocusing, which causes incoherent shifts in the
betatron tunes of the circulating particles. In the longitudinal degree of freedom, we
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consider the synchrotron tune shift and space charge induced beam self-impedance.
Longitudinal beam dynamics may cause collective beam instabilities in both longitudinal
and transverse directions when certain intensity thresholds are exceeded.

Table 4.4. Delivery Ring Spill Parameters

Parameter Value Units
MI Cycle time 1.333 sec
Number of spills per MI cycle 8

Number of protons per micro-pulse 3.1x10’ protons
Maximum Delivery Ring Beam Intensity 1.0x10" protons
Instantaneous spill rate 18.5x10">  protons/sec
Average spill rate 6.0x10"  protons/sec
Duty Factor (Total Spill Time + MI Cycle Length) 32 %
Duration of each spill 54 msec
Spill On Time per MI cycle 497 msec
Spill Off Time per MI cycle 836 msec
Time Gap between 1% set of 4 and 2™ set of 4 spills 36 msec
Time Gap between spills 5 msec
Pulse-to-pulse intensity variation’ +50 %

4.2.1 Space Charge

At Mu2e beam intensities the self-defocusing space charge field of the circulating beam
is not small in comparison to the external focusing field of the lattice quadrupole magnets.
Space charge defocusing shifts the betatron tune downward relative to the bare lattice
tune. Furthermore, the amount of tune shift depends on the betatron amplitude of a
circulating particle. Small amplitude particles near the core of the beam charge
distribution are subject to the largest tune shifts while large amplitude particles in the tails
of the beam distribution undergo the smallest tune shifts. Thus, an intense beam
containing a strong core of particles with small betatron amplitudes will present a wide
distribution of tune shifts.

’ The pulse intensity is expected to be approximately uniform on short time scales (< 1 msec). The time
scale of the variation in pulse intensity is expected to be of order a few msec.
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Table 4.5. Accelerator Parameters for MuZ2e operations.

Parameter Value Units

Booster

Beam Energy 8.9 GeV

Intensity per batch 4x10" protons

53 MHz Bunches per batch 81

Repetition rate 15 Hz

Average Repetition rate for Mu2e Beam 1.5 Hz

Transverse emittance 15t mm-mrad

Longitudinal emittance per 53 MHz bunch 0.12 eV-sec
Recycler Ring

Maximum Beam Intensity (for Mu2e) 4x10" protons

Revolution Frequency 89.824 kHz

n -0.00876

2.5 MHz Re-bunch time 90 msec

2.5 MHz bunches/batch 4

Average Mu2e beam power 7.69 kW

Transverse emittance 16w mm-mrad
Delivery Ring

Maximum Intensity 1x10" protons

Revolution Frequency (central orbit) 590018 Hz

n 0.00607

Orbit Length (central orbit) 505.294 m

Average Injection Frequency 6.0 Hz

Peak Injection Frequency 17.0 Hz

Vi 9.650

Vy 9.735

Average By 9.5 m

Average By 9.5 m

Horizontal Admittance 357 mm-mrad

Vertical Admittance 357  mm-mrad

Peak Laslett space charge tune shift 0.0097

Peak Space charge tune shift from tracking simulations 0.0070

Bunch Length (rms) 35 nsec

Synchrotron tune 5.9x107

Transverse emittance 16w mm-mrad

Maximum Extracted Beam Power 7.69 kW
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The overall effect of space charge is the creation of a tune spread that extends from the
bare lattice tune downward by an amount that depends on beam intensity and particle
amplitude. The overall extent of the tune distribution is equal to the tune spread of the
low amplitude particles at the core of the beam. This maximum tune shift can be
estimated using the Laslett formula [10]:

Ay = 3rpN,mLR

=————=0.0097 (4-1)
2ry’e L,

where 7, is the classical proton radius, N, is the total number of particles, Ly is the orbit

length, L is the effective bunch length, and €y is the normalized horizontal emittance.

Equation (4-1) assumes that the beam is round and that particle amplitudes are dominated
by their betatron oscillations. The precise nature of the space charge tune shift must be
obtained from the more accurate integration around the ring inherent in tracking
simulations. Tracking simulations will also properly account for the effects of beam
broadening in the high dispersion regions of the lattice.

Substituting the Delivery Ring parameter values from Table 4.5 into Equation (4-1)
yields a Laslett tune shift for the Delivery Ring of Av, = 0.0097. The Delivery Ring tune
footprint from an ORBIT tracking simulation [11] is shown in Figure 4.5. The smaller
tune shift shown in the tracking simulation (~0.007) is a consequence of the large energy
spread of the beam after bunch formation. The beam spreads transversely in the arcs
reducing the defocusing field felt by each particle. Since the arcs constitute a relatively
large part of the Delivery Ring circumference, the effect is significant.

The increased tune footprint of the beam due to space charge constrains the choice of the
operating point such that the entire tune footprint must lie to the right of the 2v, + v, =29
resonance line. The tune footprint also must be in the vicinity, but to the left of, the
3 v, =29 line, which is the line used for resonant extraction. The greatest impact of space
charge induced effects is on resonant extraction. This is discussed further in Section 4.6.

4.2.2 Coherent instabilities

Transverse stability in the Delivery Ring for Mu2e operating conditions is studied in
References [12]'° and [13]. Reference [13] also treats longitudinal stability and accounts
for space charge effects. The conclusion of these studies is that the Delivery Ring is
longitudinally and transversely stable for Mu2e beam conditions.

' The analysis of reference [12] does not include the effects of space charge.
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Figure 4.5. Delivery Ring tune footprint from an ORBIT [11] simulation for a beam intensity of
1x10"? protons. The black box in the upper right of the plot indicates the bare lattice tunes. The
thick red lines are 3™ order resonance lines; the dashed green lines are 6™ order resonance lines;
and the orange dot-dashed lines are 7" order resonance lines. The resonance line used for third
integer extraction is the 3v, = 29 line at the right of the plot.

Betatron tune shifts due to space charge play a significant role in the treatment of the
transverse stability. The space charge tune shift in the Delivery Ring significantly
exceeds the synchrotron tune. In this case, for zero chromaticity, a bunch is stable up to
the transverse mode coupling instability (TMCI) threshold [13], [14]. In Reference [14] it
is shown that the TMCI threshold for a Gaussian bunch of rms length 7, in a round
chamber with conductivity ¢ and radius b occurs at''

Nb rpIBx RO Qsc nocc

A’y Q> b'\Jot,

where N, is the number of protons in the bunch, f is the average Delivery Ring beta-
function, Q.. is the space charge tune spread, 1,.. is the dipole occupancy (~25%), Oy is
the synchrotron tune, and o= 1.3x10'" sec”’. The main contribution to the impedance
comes from the fraction of the circumference occupied by the dipoles where the vertical

K= ~100 (4-2)

aperture is b = 2.6 cm (the remaining 75% of the ring is a round chamber with a 6.4 cm

"' Figure 4 of Reference [14] shows that for K <100the modes are uncoupled and therefore below the
onset of TMCI.
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radius). These Delivery Ring parameters yield K = 4. This value is significantly smaller
than the threshold value of Equation (4-2). Thus, under Mu2e operating conditions, the
beam should be well below the TMCI threshold.

If the chromaticity is not zero, weak head-tail instability may be possible. The maximum
growth rate of the weak head-tail instability is given in Reference [14]:

N rpB R
I'7 = O.IM[mm'l]. (4-3)

J'L‘)/bs\/T%

This yields T'TyN; ~ 0.1 for a spill duration of 54 msec (N,=3.2x10" turns). Thus the
weak head-tail instability should not be an issue. In the unlikely event that head-tail is an
issue, the insertion of a small amount of chromaticity should be sufficient to damp this
instability.

4.2.3 Other Intensity Dependent Effects

The bunched beam should not be affected by space charge or resistive wall longitudinal
impedances. The space charge synchrotron tune shift is estimated to be as small as ~1%
of the synchrotron tune, while the space charge resistive wall tune shift is even smaller.

The electron cloud instability should not be a big concern, since each bunch is short
compared to the zero-current time for any visible cloud to be built [13].

An analysis of intra-beam scattering shows that it is too slow to be seen, given the
relatively short time the beam circulates in the Delivery Ring [15].

4.3 Accelerator Instrumentation

4.3.1 Instrumentation Requirements

Mu2e Instrumentation can be divided into four categories.

e Beam Line: This includes all instrumentation used to measure single-pass
primary proton beam in the beam lines between the Recycler and Delivery Ring.

e Delivery Ring: This includes all instrumentation used to measure circulating
beam in the Delivery Ring.

e Abort Line: This includes all instrumentation used to measure the beam in the
Delivery Ring abort line.

e External Beam Line: This includes all instrumentation used to measure the slow
spill beam in the M4 line.
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The requirements of the accelerator instrumentation are to measure the beam intensities,

positions, profiles and losses in all four of the above categories. Table 4.6 summarizes the
beam condition requirements for each category. The layout of the Muon Campus beam

lines is shown in Figure 4.6.

Table 4.6. Beam requirements for Accelerator Instrumentation.

External beam

Beam Lines Delivery Ring Abort Line )
Line
Beam Line Names P1 Stub, P1, Delivery Ring Abort Line M4
P2, M1, and
M3
Particles Protons Protons Protons Protons
Momentum (GeV/c) 8.88626 8.88626 8.88626 8.88626
# of Particles 1x10" 1x10" (spill 2x10" at the end ~ Slices of 3x10’
start) to 2x10'° of every spillor  every 1.695 usec
(spill end) over up to 1x10" totaling 1x10"
54 msec when beam over the 54 msec
permit is pulled.  slow spill cycle.
Bunch Length (FW) 250 nsec 250 nsec 250 nsec 250 nsec
Transverse Emittance 15m 16m 30m 30m
(mm-mrad)
Beam Line Length ~975 m 505 m 72 m 244 m

Muon Campus Beam Lines

w— M1 Line

w— AP-0 TargetHal
w— M2 Line

w— M3 Line

=== Delivery Ring

APS0

AP10

Delivery Ring AbortLine Delivery
w— M4 Line e e .
M5 Line L Ring

MC-1 Experimerta Hall
Mu2e TargetH all
Muz2e Detector Hall

MI-8 Line

F23 F27

Figure 4.6. Muon Campus beam lines.

Shielding Wall
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The accelerator instrumentation required for the operation of Mu2e is funded by the
Beam Line AIP, the Delivery Ring AIP and the Mu2e project. Table 4.7 outlines the
funding source for each type of instrumentation.

Table 4.7. The funding for the accelerator instrumentation required for Mu2e operations comes
from multiple sources. This table identifies the funding source for each type of instrumentation.

Category Instrumentation Type Funding Source
Toroid Beam Line AIP
Beam Line Beam Position Monitor Beam Line AIP
Beam Loss Monitors Beam Line AIP
Profile Monitors Beam Line AIP
DCCT"? Mu2e Project
Delivery Ring Beam Position Monitor Delivery Ring AIP
Beam Loss Monitor Delivery Ring AIP
Tune Measurement System Mu2e Project
Toroid/Ion Chamber Muz2e Project
Abort Line Profile Monitor Mu2e Project
Beam Loss Monitors Delivery Ring AIP
Ion Chamber Mu2e Project
External Beam Line  Profile Monitor Mu2e Project
Beam Loss Monitor Mu2e Project

4.3.2 Instrumentation Technical Design

4.3.2.1 Beam Line Instrumentation

Single-pass primary proton beam will traverse the P1 stub'’, and the P1, P2, M1, and M3
beamlines. Much of the instrumentation needed to measure the primary proton beam
during Mu2e operation already exists but must be modified for use with the faster cycle
times and 2.5 MHz RF beam structure [32] [33]. The overall beam intensity is similar to
that seen in Pbar stacking operations, and in many cases requires that only small
calibration changes be made to the instrumentation. Toroids will be used to monitor beam
intensity and will be used in conjunction with Beam Loss Monitors (BLMs) to maintain
good transmission efficiency in the beam lines. Multiwires and Secondary Emission
Monitors (SEMs) will provide beam profiles in both transverse planes. Beam Position

2 DCCT = DC Current Transformer (see Section 4.3.2.1.1)
" The P1 stub is the short line that connects the Recycler Ring to the P1 beamline.
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Monitors (BPMs) will provide real-time orbit information and will be used by auto-
steering software to maintain desired beam positions in the beam lines.

4.3.2.1.1 Beamline Toroids

Toroids are beam transformers that produce a signal that is proportional to the beam
intensity. There are two toroids in the P1 line, one in the P2 line, two in the M1 line and
one in the M3 line. With the exception of 2 toroids in the M2 line, all the transformers are
3100 models from Pearson Electronics. These toroids have a 3.5” inner diameter, 1 V/A
sensitivity in high impedance, and a 0.04%/usec droop rate. The exceptions in the M2
line are a custom 7737 model from Pearson Electronics. Having 1 V/A sensitivity and a
10.75” inner diameter, these toroids are a special version of the 1010 model from Pearson
Electronics. They will continue to be used in Mu2e operation to measure the primary
proton beam.

A block diagram of a toroid system is shown in Figure 4.7. The electronics for these
toroids are comprised of legacy analog processing inside of NIM crates. Filters, chokes,
and preamps will be added for analog conditioning. Electronics will be modified, where
necessary, to calibrate the toroids for Mu2e operations [18].

S~

)
L 2( : >—E:>

.~ CT and Ceramic Break
Tunnel Assembly

(Mounting Hardware Integrator

And Calibration Loop Not Electronics

Shown) /_Jj— (Simplified Block Diagram)

Figure 4.7. Simplified Toroid system block diagram (not to scale) [18].

4.3.2.1.2 Beamline BPMs

Beam line BPMs provide single pass orbit position information with sub-millimeter
resolution, and will continue to be the primary beam position devices in the P1, P2, M1
and M3 lines. All BPMs share the Echotek style of electronics that were built as part of
the Rapid Transfers Run II upgrade [17], and is the current standard for beam line BPMs.
A functional diagram of the BPM hardware is shown in Figure 4.8. These BPMs were
designed to detect 7 to 84 consecutive 53 MHz proton bunches and four 2.5 MHz
antiproton bunches for Collider Run II operations. Minimal electronics modifications will
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be required to measure the single 2.5 MHz bunches of 1x10'* particles expected during
Mu2e operations [19]. Two additional BPMs will be installed in the P1 stub.

Clock Trigger

Ethernet

ACNET VME
Crate
A
Front
Panel J\/‘
Cables
-/\/- Analog Filter Rack
A Gain/Att In Service
Pickup Cables (RG8/RG213) Building
In Tunnel to Service Building
A
Analog Filter

_/\/_ Gain/Att

Figure 4.8. BPMs with Echotek processing electronics will be used to measure the transverse
beam position of the 2.5 MHz primary proton beam in the P1, P2, M1 and M3 lines for Mu2e
operations [17].

4.3.2.1.3 Beamline BLMs

BLMs are already in place in the P1, P2, M1 and M3 beam lines. Existing ion chamber
detectors will be utilized for Mu2e operation. BLMs will be upgraded to modern BLM
log monitor electronics, repurposing unused components from the Tevatron to minimize
cost. Two additional BLMs will be installed in the P1 stub [20].

4.3.2.1.4 Beamline Profile Monitors

There are two types of beam profile monitors in the beam lines, multiwires in the P1 and
P2 lines, and SEMs in the other beam lines. The profile monitors will primarily be used
for commissioning, studies, and documentation of the beam lines. General maintenance
will be performed on the hardware and electronics to ensure proper functionality. The
current location and wire spacing of the monitors will be reviewed and modified
accordingly. Two additional multiwires will be installed in the P1 stub [21].

4.3.2.2 Delivery Ring Instrumentation

Primary proton beam will circulate in the Delivery Ring as it is slow spilled to the M4
line over a period of 54 msec. Like with the beam transport lines, most of the
instrumentation needed for operation of the Mu2e Delivery Ring already exists but must
be modified or upgraded to accommodate the faster cycle times. The existing DC current
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transformer (DCCT) will be used to monitor beam intensity through the slow spill cycle.
Beam position monitors (BPMs) and beam loss monitors (BLMs) will be used to monitor
the positions and losses in the line. Both systems will need significant hardware and
electronics modifications to work under Mu2e operational conditions; however, much of
the needed equipment can be repurposed from the collider. To regulate and optimize the
Delivery Ring resonant extraction process a Delivery Ring tune measurement scheme
will be required. Schottky Detector hardware and electronics will be recycled from the
Tevatron to construct this system.

4.3.2.2.1 Delivery Ring Beam Intensity Monitors (DCCT)

A DCCT is a device used to measure the quantity of circulating beam with high precision.
D:BEAM' will become the beam intensity read back for the Delivery Ring. The
Accumulator DCCT becomes a spare [18] [22] [35].

Both systems have a full-scale range of 400 mA (400x10'” protons). Measurements have
shown nonlinear errors approaching ~2% for DC currents greater than 200 mA. To
improve linearity, the calibration procedure will rely on a least squares fit between
0-200 mA. The system has an accuracy of one part in 10° over the range of 1x10' to
2x10" particles with a noise floor of 2 107 (see Figure 4.9).

The Delivery Ring DCCT will not require any specific changes to the physical detector,
but will need its analog conditioning and VME electronics modified for Mu2e operation.

Figure 4.10 is a block diagram of the DCCT system. The pickups consist of two sets of
supermalloy tape-wound toroidal cores with laminations. The laminations act to reduce
eddy currents. The beam passes through the center of the toroidal core and acts as a
single turn on both toroid sets. The beam sensing electronics are attached to wire
windings on each of the toroid sets. One set of cores (T1 & T2) is driven into saturation
with an 800 Hz sinusoidal drive signal. The passing beam induces a net magnetic flux on
this set of cores, and a second harmonic of the drive signal is detected in the sense
winding. The electronics processes this signal and produces an equal and opposite current
that minimizes the harmonic and thus keeps the net toroid flux at zero. The second set of
cores (T3) is not driven into saturation and follows classical transformer theory. This
signal is detected and processed by the electronics to extend the bandwidth of the entire
system. The combination of the resulting signal from processing each sense winding
produces the complete feedback signal.

" D:BEAM is the accelerator control system designation of a particular readout of the Delivery Ring
DCCT. The “D” refers to the Delivery Ring. There can be several control system parameters associated
with a single instrument. For example, D:BEAM and D:BEAMB are different readouts of the Delivery
Ring DCCT.
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Figure 4.9. Resulting errors in Debuncher (left) and Accumulator (right) DCCT signals when
fitting calibration data to provide minimal errors for intensities below 200 mA. In both plots the
x-axis is the beam intensity in units of 1x10'" particles, and the y-axis is the expected error
between measured and actual beam intensity in units of 1x10' particles. The Debuncher DCCT
has an error value less than 2x10° for all beam intensity values less than 150x10'° particles. The
Accumulator DCCT has an error value less than 5% 10° over the same range.
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Figure 4.10. Functional block diagrams of DCCT operation.

As shown in Figure 4.11, the receiver chassis provides three different sets of analog
outputs. Each output has a different voltage range and bandwidth, based on modifications
in the receiver electronics. To best measure both the injected and leftover Delivery Ring
beam, the following configurations were chosen:

e | Hz bandwidth with 40 mA/V scale. This output is routed to a Keithley digital
voltmeter (DVM) located in a rack in the AP10 control room. The Keithley DVM
is a GPIB device that communicates with the control system through the AP1001
front end, resulting in the D:IBEAM read back that updates once per second with
a scale in the mA particle range. Due to the slow 1 Hz sample rate, D:IBEAM is
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not useful to measure Mu2e slow extracted beam, but will be used for circulating
beam studies, diagnostic studies, or calibrations. Maintaining this device also will
provide backward compatibility to other intensity algorithms running on AP1001.

e 400 Hz bandwidth with 40 mA/V scale. This output will simultaneously provide
two read back devices in the control system. One device, D:IBEAMB, is
processed through an MADC, using the standard CAMAC 190 card
communicating through the Pbar CAMAC front end. At a 720 Hz update rate, this
12 bit read back effectively provides 40 samples of beam intensity measurements
in the mA particle range over the 54 msec spill. Although this device would allow
us to measure both the injected beam and the beam as it evolves through the slow
spill cycle, D:IBEAMB is primarily intended for diagnostic purposes. In addition,
this output will provide a second device, D:BEAM. Its output is sampled by a
VME front end after it is conditioned thru a buffer amplifier (see the later
description of PBEAM). D:BEAM is intended to be the primary measurement of
the injected beam and the beam through the slow spill cycle.

e 400 Hz bandwidth with 5 mA/V scale. This output, D:IBEAMV will drive a
buffer amplifier, whose output is sampled by a VME front end (see the later
description of PBEAM). This intensity read back, in the LA range, will provide
the best measurement of the leftover beam in the Delivery Ring after the slow
spill has finished.

The DCCT noise levels are essentially the same in these outputs. The noise of the
Debuncher DCCT is about 1.4 LA rms for both the 5 and 40 mA/V outputs (square root
of the sum of the squares from 1 to 58 Hz). The Accumulator DCCT measures 2.2 HA
rms. A plot of typical Debuncher DCCT noise levels is shown in Figure 4.12.

PBEAM is a VME front end located in AP10. The front end includes a five-slot VME
crate with a Motorola MVME-2401 controller. An ICS-110BL-8B provides 4 differential
24-bit ADC channels delivering 18 bits of accuracy. The complete specifications of the
PBEAM DCCT front end are given in Table 4.8. A PMC-UCD provides TCLK '’ and
allows ACNET channels that track beam intensity. (MDAT can also be supported if
desired.) Originally, it was instrumented such that a single input to the digitizer
originated from each of the pbar DCCT systems (i.e. one for Debuncher and another for
Accumulator).

S TCLK refers to the 10 MHz Tevatron Clock system
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FEEDBACK CURRENT INPUT
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Figure 4.11. Delivery Ring DCCT system block diagram. The former Accumulator DCCT pickup,
drive amplifier chassis, and receiver chassis will serve as a spare. It will be modified to be
identical.
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Figure 4.12. DCCT noise levels. Plot shows DCCT output in LA versus time for 30 min.
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Since the Accumulator now becomes a spare system, the VME front end will be modified
so that both inputs to the digitizer will be from one DCCT system (i.e. the Delivery Ring
DCCT system). One channel will be fed from the 40 mA/V receiver chassis output, while
the other will be fed from the 5 mA/V output. A conditioning amplifier will be used for
filtering and to provide differential inputs to the ADC. The Delivery Ring signals will be
filtered, amplified and driven differentially to the ADC about 50 feet away, located above
the Accumulator DCCT. The digitizer oversamples the 400 Hz DCCT outputs at 720 Hz
and can provide read backs with a resolution on the order of a sliding average of twelve
720 Hz samples. Digital signal processing will allow the measurement of the injected
beam and beam through the slow spill cycle as well as the measurement of the leftover
beam after slow spill has finished. The proposed digitizer has the dynamic range to
measure the full 400 mA range while providing 2 LA rms resolution. Processing the
signals digitally will also improve accuracy. The DCCT’s provide between 1 and 2 HA
rms provided the 60 Hz harmonics are removed.

PBEAM was designed to provide stable read back that is fast enough to sample Delivery
Ring beam at various times during the slow spill cycle. D:BEAM is the Delivery Ring
Beam Current or main intensity device and is used to derive other arrayed data. PBEAM
also provides two other sets of devices that record beam measurements. Fixed-event
devices will be labeled as D: BEAMXX, where XX is the TCLK reset event. Variable-
triggered-event devices will be labeled as D:BEAMx. Each element will have a settable
TCLK event and delay, measured in seconds. The TCLK event is set via the “Timer
Reference” selection on an accelerator console parameter page. The delay is the D/A
setting and the intensity read back is the A/D reading.

4.3.2.2.2 Delivery Ring Beam Position Monitors (BPM)

The primary system used to measure the beam orbit in the storage rings will be a set of
beam position monitors (BPM) distributed along the rings. The existing split-plate BPM
pick-ups are suitable for Mu2e operation and will not require modifications.

The BPM read-out hardware is based on an analog differential receiver-filter module for
analog signal conditioning, and a digital signal processing system, reusing the Echotek 8-
channel 80MSPS digital down-converter and other VME hardware from the Recycler
BPMs. This system provides beam position and intensity measurements with a dynamic
range of 55dB and an orbit measurement resolution of 10 um. The position
measurements can be performed on 2.5 MHz bunched beam, as well as on a 53 MHz
bunched Booster batch. Data buffers are maintained for each of the acquisition events and
support flash, closed orbit and turn-by-turn measurements. A calibration system provides
automatic gain correction of the BPM signal path. The software will need to be modified
to handle specific events and data acquisition for Mu2e operation [23].
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Table 4.8. ICS-110B Motherboard Specifications for PBEAM DCCT front end.

DCCICS-110 Mother Board Specifications for DCCT

No. of Diff. Analog Inputs
Input Impedance

Full Scale Input

Max. Input Signal BW

Input Sample Rate

Output Rate (Effective Sample Rate)
Internal Sample Clock
Dynamic Range

Total Harmonic Distortion
Crosstalk
On Board Storage

Output Word Length

VMEBus Interface

VSBBus Interface

FPDP Interface

Power

Operating Temp
Storage Temp
Humidity
Board Size

4,8,16 or 32

10 kQ

2 V pp differential

40 kHz

128 X Output Rate for BW <22 kHz
64 X Output Rate for BW > 22 kHz

Max. 100 kHz/channel

Min. 2 kHz/channel

Programmable in steps of 20 Hz

>110 dB in 128 X oversampling mode

>105 dB in 64 X oversampling mode

<-105 dB

<-105 dB

64 K Words

32 bits packed for 2 channels or 24 bits for
1 channel on both VME and VSB
24 bits only on FPDP

A32/24/16 D32 BLT Slave
Vectored Interrupts

A32 D32 BLT Slave
Polled Interrupts

Refer to ICS Input Technical Note #15
Programmable Word Rate up to
20Mwords/s

6.0 Amps @ + 5V

0.42 Amps @ + 12V

0.25 Amps @ - 12V

0 to +50°C

-40 to +85°C

95% Rel. Humidity, non-condensing
6U VMEbus Standard
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4.3.2.2.3 Delivery Ring Beam Loss Monitors

The beam loss monitors (BLMs) are used to locate and measure beam losses in the
storage rings. Although there is already a BLM system in place in the Delivery Ring, it
will require significant upgrades for Mu2e operation. The existing photomultiplier tubes
will be too sensitive for the expected Mu2e radiation environment, so they will be
replaced by ion chambers repurposed from the Tevatron. The electronics have to be re-
designed to accommodate the fast cycle time planned for Mu2e. The system will provide
a sample-and-hold acquisition technology on individual beam pulses [20].

4.3.2.2.4 Delivery Ring Tune Measurement

The Delivery Ring is a resonant extraction machine that will require a tune measurement
system [36]. The delivery ring tune measurement system will need to measure the
average tune and the tune spectrum through the entire 54 msec resonant extraction cycle.
These tune measurements will have a resolution of 0.001 at 600 Hz and 0.0001 using
averaging. In addition to measuring the tune, the system will measure transverse
emittance using information from the tune spectrum.

The delivery ring tune measurements will consist of two parts, (1) a Schottky detector
system and (2) a direct diode detection base-band Q (3D BBQ) measurement. Both
systems have the advantage of being non-destructive to the beam. While the Schottky
system has the additional advantage that it can measure transverse emittance, it has the
challenge of achieving the desired accuracy at an adequately fast update rate. Averaging
of the 3D BBQ system will alleviate this problem.

The Schottky detector system consists of 21.4 MHz resonant pickups taken from the
decommissioned Tevatron as well as its receiver electronics [28]. The 21.4 MHz resonant
pickups are two separate horizontal and vertical units with one meter long copper
electrodes with a stepper motor driven adjustable aperture. Figure 4.13 shows the vertical
pickup unit with attached 21.4 MHz resonator. The Schottky system will measure the
tune spectrum and transverse emittance.

The second tune measurement system is based on the technique of direct diode detection
base-band Q [29]. Previous 3D BBQ systems have reached a sensitivity allowing
observation of beam betatron oscillations with amplitudes below one micron [30]. Since
the 3D BBQ electronics are relatively cheap, the delivery ring tune system will utilize
one or more BPMs as signal pickups, thus allowing for tune averaging to improve the
tune resolution with an adequately fast update rate. Figure 4.16 shows a functional block
diagram of a 3D BBQ system.
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Figure 4.13. Tevatron 21.4 MHz Schottky pfckup with resonator. Side view (left) and Beam view

(right).
] j - _'>_‘ DC-2.6 GHz

P BPF  LNA Yoo
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Figure 4.14. Setup for Schottky beam commissioning studies.

The RF Schottky diodes act as sample and hold peak detectors for each electrode signal
with the subsequent filter setting the decay rate. After applying DC suppression, only the
amplitude of the turn-by-turn change in the signal remains. The resulting difference
signal, which is the betatron modulation, can be further filtered and amplified to provide
very high sensitivity to the betatron motion. This signal is then sampled by low rate high
precision ADCs.

4.3.2.3 Abort Line Instrumentation

Leftover primary proton beam from each spill from the Delivery Ring, as well as
Delivery Ring beam that remains when the beam permit goes away, will be sent to the
Delivery Ring abort located in the former AP2 line. As with the beam transport lines,
most of the instrumentation needed for operation of the Abort Line already exists, but
needs to be modified or upgraded to accommodate the faster cycle times. An existing
Toroid and Ion Chamber will be used to monitor beam intensity in the abort line. Beam
position monitors (BPMs) and beam loss monitors (BLMs) will be used to monitor the
positions and losses in the line. Much of the needed equipment can be repurposed from
unused collider equipment; however both systems will require significant hardware and
electronics modifications to work under Mu2e operational conditions. Beam profiles will
be measured by using two existing SEMs.
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Figure 4.15. Schottky Spectrum for the Delivery Ring. Vertical tune sidebands are shown in
green and horizontal tune sidebands are shown in orange. The grey boxes indicate the ranges of
available band pass filters that will be used during Schottky commissioning studies. Additional
filters will need to be acquired in order to measure the vertical and horizontal upper sidebands.
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Figure 4.16. Functional block diagram of a direct diode detection base-band Q detector system
[30].

4.3.2.4 M4 Line Instrumentation

Slow extracted proton beam from the Delivery Ring will traverse the newly constructed
M4 line before arriving at the Mu2e target. Instrumentation hardware and electronics
will be recycled from other areas. The instantaneous intensity of the slow spill beam is
too small to be measured with Toroids, so retractable ion chambers will be constructed to
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measure the beam intensity. A Beam Loss Monitor (BLM) system, based on the hardware
and electronics that exist in the P1 and P2 lines, will be implemented to help maintain
good transmission efficiency in the M4 line. Secondary Emission Monitors (SEMs) and
Segmented Wire Ion Chambers (SWICs) will provide beam profiles in both transverse
planes.

4.3.2.4.1 Ion Chambers

Ion chambers will be the primary intensity measurement devices in the M4 line. A photo
and engineering drawing of a Fermilab ion chamber is shown in Figure 4.17. Each ion
chamber consists of three signal foils interleaved between four bias foils, each spaced 1/4”
apart. The foils are sealed in an aluminum chamber 10 inches in diameter by 4.5 inches
long, continuously purged with an 80% argon - 20% carbon dioxide gas mix. Protons
passing through ArCO, gas generate 96 e/ion pairs or about 1.6x10"" charges/cm, which
equals about 1.6 pC for 1.0x 10’ protons [21].

Three ion chambers will be installed in the M4 line and one in the Diagnostic Absorber
line. Since the ion chamber vessel contains ArCO, gas, it must be separated from beam
tube vacuum. The ion chamber in the diagnostic absorber line will be installed in a gap
in the beam line with one 0.003” titanium vacuum window on each side of the ion
chamber.

Figure 4.17. Fermilab Ion Chamber

The ion chambers in the M4 line will not be installed in the above described manner
because the beam going through both M4 line ion chambers and vacuum windows would
result in excessive coulomb scattering during high intensity operations [31]. The solution
is to make the ion chamber retractable.

The gas filled ion chamber will be isolated from beam tube vacuum by packaging in an

anti-vacuum box. An anti-vacuum box is a sturdy machined aluminum shell with a .003
inch thick titanium foil window mounted on each side for the beam to pass through. The
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anti-vacuum box allows the detector to be mounted in a beam line vacuum chamber while
the ion chamber inside the box remains at atmospheric pressure. There is a vacuum tight
duct attached to the box in which the gas tubing, signal and high voltage cables are routed
in order to get them to atmosphere outside the vacuum chamber.

To save engineering and assembly costs, the anti-vacuum boxes will be installed inside of
bayonet vacuum vessels that are being repurposed from Switchyard. The bayonet type
drive slides the ion chamber linearly into and out of the beam with a screw drive system.
Bayonet drives use a 72 RPM Superior Electric Slo-Syn AC synchronous stepping motor
coupled directly to the screw shaft. The detector linear drive shaft is housed in a
collapsible bellows that seals it from atmosphere. Figure 4.18 shows an ion chamber
assembly, the anti-vacuum box and the bayonet vacuum can.

4.3.2.42 Multiwires

Eighteen beam profile monitors will be used to measure beam profiles and positions at
key locations in the M4 line. They will be used for both orbit diagnostics as well as
automated orbit correction. As a result, these devices will need to be in the beam path
when measuring the beam, as well as have the ability to move in and out of the beam as
needed by the automated orbit correction system.

A Multiwire system was chosen the possible alternatives (SWICs'® or SEMs'”) because
they can be left in the beam without introducing unacceptably high multiple scattering of
the beam particles in the materials of the instrument. Unlike SWICs, the multiwire wire
planes are installed inside of a vacuum can that is common to the beam tube vacuum.
The wires do not provide excessive mass and do not require isolating vacuum windows.
The existing NuMI extraction multiwire design (shown in Figure 4.19) will be used in the
M4 beamline.

The wire planes are under vacuum and mounted on ceramic boards that can be moved in
and out of the beam with a motor drive assembly. In addition, the ceramic boards are
slotted to allow them to be moved into and out of the beam while beam is present. To
accommodate the slots, the ceramic boards must be installed in vacuum cans at 45° as
shown in the left picture of Figure 4.20.

Multiwires use two planar arrays of fine diameter wires to produce a profile signal. A set
of 48 signal and one or more ground wires are arrayed in the vertical and horizontal axis.
The wires will be 0.002 inches in diameter tungsten with wire pitches of 0.5 mm and
1 mm, depending on the location and lattice requirements.

' SWIC = Segmented Wire Ton Chamber
' SEM = Secondary Emission Monitor
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Figure 4.18. Retractable lon Chamber: The ion chamber design has been modified to fit inside of
a Proportional Wire Chamber (PWC) assembly (top left). The signal connection is at the top and
the high voltage connection comes out the left side. The ion chamber is installed in an anti-
vacuum box (lower left). ArCO2 gas is pumped into this chamber, and there is a vacuum window
on both front and back of this module. The anti-vacuum chamber is installed inside of the bayonet
can (right) which is pumped down to beam tube vacuum. The ion chamber foil can be lowered
into the beam or raised out of the beam via a motor drive.
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Figure 4.19. Multiwire vacuum can design used for the NuMI extraction multiwires will be used
in the M4 line.

Figure 4.20. Slotted ceramic board holds both horizontal and vertical wire planes. The ceramic is
slotted to allow it to be moved into and out of the beam path with beam present.

The ceramic frame holding the wires in place is rotated into the beam and comes to rest
on a hard stop in a position perpendicular to the beam axis. Particle beams passing
through the wire planes produce secondary electron emission in each of the 48 signal
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wires in proportion to the beam intensity. The collected charge on each wire is integrated
in a Fermilab generation 3 profile monitor scanner. The scanner communicates to the
accelerator controls system via Ethernet where a local application generates an X-Y plot
of charge versus wire position in each transverse plane. The resulting plot indicates the
size, shape, intensity and position of the beam as shown in Figure 4.21.

Figure 4.21. Sample horizontal and vertical beam produced by Fermilab standard profile monitor
software.

The SWIC scanner is at the center of all beam profile monitor data acquisition electronics.
The SWIC scanner collects the charge from each of the detector wires and converts the
values of the charges to a set of digital numbers. The data are transferred to the
Accelerator Control System and used to graph the beam profile or for other purposes.

The SWIC scanner consists of five printed circuit boards, one controller board and four
analog integrator boards. It has a set of 96 integrator circuits, 48 for horizontal and 48 for
vertical. The integrators collect the charge from each of the detector wires and convert it
to a voltage value proportional to the total charge collected. The basic integration
capacitor value for most SWIC scanners is 100 pF. This value provides the most
sensitivity. Other values commonly in use are 1000 pF and 10,000 pF for integration time
constants of ten or one hundred times the basic 100 pF value, for use in higher intensity
beams. Longer time constants require more charge from the detector to reach the same
voltage output from the integrators. Larger capacitors are used in higher intensity beams
to minimize the possibility of overloading the integrators.

The integrators collect charge until they reach the end of the integration time that is set up
in the plot application program by the user, or until at least one wire reaches the preset
threshold voltage. At the end of the integration period the integrators are switched from
sample mode to hold mode. The integrated voltages on each channel are measured one-
by-one. The voltages are converted to digital values. After conversion from analog to
digital the integrators are all reset to zero and the scanner is ready to take another sample.

The “next generation” SWIC scanner is an evolution of the previous design. A block
diagram is shown in Figure 4.22. The SWIC interfaces to the scanner through integrator
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boards (96 channels total), which are a direct carry-over. The control board is centered
on an Altera Cyclone III FPGA, which handles sequence control, ADC conversion,
TCLK decoding, and timing. Communications and data handling are performed by a
Rabbit Semiconductor RCM3209 module. The Rabbit module includes the
microprocessor and Ethernet interface. New features include Ethernet communications,
advanced triggering options, and background subtraction.

\\\ P Sw o
— ADC > ————= | Integrators — N

Etherrent 9
AN A »] Altera Cyclone I
< A R RCM32:

T abbit ROM3209  K———) EReA

= SWIC Var
N, 4 - < .
o — > 3:‘,.__) Integrators —————

Figure 4.22. SWIC scanner block diagram.

Preamps:

For a high intensity spill, preamps will not be required for SWICs to measure slow
extracted beam with a sampling window opened up to 1/3 of the spill length. For the less
sensitive SEMs and for SWICs where a shorter fraction of the spill is desired, a preamp
will be added to the profile monitor.

The new preamp is, at its core, a simple non-inverting op-amp circuit (see Figure
4.23). The output of the SEM is modeled as a current source. This current is converted
to a voltage by running it through a resistor (R_I2V in Figure 4.23). The op-amp
amplifies this voltage (gain = 1 + RA/RB) and converts it back to a current by running it
out through another resistor (R_V2I in Figure 4.23) [27].

There is a DC blocking capacitor at the output of the amplifier. This is to prevent any
amplifier offset voltage from washing out our signal. This offset voltage could be
reduced with a trim pot. However, the offset will never be zero, and the trim pot adds
about $3 to the cost per channel. The downside of the DC blocking capacitor is that it
requires the use of a very short integration window. In this configuration, it may not be
possible to just turn on the integrator and accumulate for tens or hundreds of
turns. Experimentation may show that the DC blocking capacitor is either unnecessary or
undesirable.

The SWIC scanner uses a TI/Burr-Brown ACF2101 integrator. The solid-state switch on

its input has a resistance of 1.5 kQ (“typical”, per the datasheet). This extra 1.5 k€2 must
be accounted for in the gain equation (R_INT in Figure 4.23).
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The SEM signal is based on a bunch intensity of 2x107, with a 3% total capture rate,
which is spread evenly over 60 foils, arriving in a 120 nsec timeframe. The integrator
ends up with about 100 mV of signal. This can be amplified in the SWIC scanner by
10X or 100X if necessary.

If necessary, the gain of the amplifier can be easily increased or decreased by choosing
different resistor values. For early studies, the gain was left at a fairly moderate level,
hoping to avoid noise and stability issues. Early attempts at bench testing gave outputs
on the order of volts, not millivolts. Beam studies will be required to fine-tune the gain
levels for optimal functionality [27].

> INTEGRATOR IN
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INTEGRATOR IN ¢
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SW_SAMPLEHOLD 5% 100p | ACNET

Figure 4.23. Profile Monitor preamp design [27].

4.3.2.4.3 Beam Loss Monitors (BLMs)

The M4 Line Beam Loss Monitor (BLM) system has been designed to measure a 0.2%
localized loss with a microsecond integration time. This will allow observation of losses
developing during a single slow spill. 20 BLMs will be placed at key locations along the
245 m beam line. This system design is identical to the existing Main Injector, P1, P2,
M1 and M3 BLM systems. There is not a sufficient pool of spare hardware and
electronics to instrument the entire M4 line, so new BLMs will have to be constructed
[34].

BLM chassis will be installed at AP30 and the Mu2e Experimental Hall. Each chassis

supports 12 BLMs units. The system uses ion chamber loss monitors originally designed
for the Tevatron. The ion chamber’s high voltage supply is contained within the BLM
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chassis. It is capable of supplying 2500 V at 500 pA. The High Voltage is set to 2000 V
during chassis testing and no further adjustment is required as the Ion Chamber has a flat
high voltage to gain response. An Abort Demand signal is produced by feeding the
analog "or" of the 12 daughter card outputs to a voltage comparator circuit. The
comparator reference level is set by adjusting a rear panel pot. The daughter card can be
set up to operate as a Set-Reset integrator, a fast amplifier or as a Log Amplifier (Figure
4.24). The Integrator has a full-scale range of either 0.14 rad or 0.014 rad dependent upon
which branch is used. The fast amp has a rise and fall time of 1 usec and a full-scale
range of 0.014 rad. The Log Amp has a 6 Decade dynamic range allowing loss readings
from 0.001 rad/second to 1000 rad/second (Figure 4.25). One and only one of these
signals can be jumper configured to provide the output to the MADC. The Daughter Card
also has a track and hold circuit that can be inserted in the signal path before outputting to
the MADC. A CAMAC 377 card provides the Start Track and Start Hold triggers. A
timing card within the BLM chassis fans out these triggers to the 12 Daughter cards. The
Start Track signal also resets the integrator circuit when the daughter card is configured
as an integrator.

Select
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Figure 4.24. Beam Line Daughter card jumpers. This drawing is taken from Main Injector
Note-208 [16].

The daughter cards are set up to function as a Log amp with a track and hold output.
Track and hold triggers are provided via a CAMAC 377 card. The daughter card outputs
are feed into an MADC. From there they can be read from an accelerator console
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parameter page, Fast Time plotted, or displayed graphically via a control system console
application program (see, for example, Figure 4.26).
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Figure 4.25. Log amp response on profile monitor preamp.
4.3.3 Instrumentation Risks

4.3.3.1 Delivery Ring Injection Damper Required

Initial calculations show that an injection damper will not be required for the Delivery
Ring. However, beam commissioning will determine if orbit control is sufficient to
control the beam trajectory. If not, excessive emittance dilution is possible. Mitigation
of this contingency would consist of building an injection damper system [37] [38].

4.3.3.2 Inadequate low intensity Delivery Ring Tune Measurement

The Delivery Ring tune measurement will require fast measurement of a low intensity
signal. Initial calculations show that the proposed systems will be able to measure the
Delivery Tune with the desired accuracy and rate; however, if that is not the case then
mitigation of this risk would consist of designing and building a new Delivery Ring tune
measurement system [24] [25] [26].

4.3.4 Instrumentation Quality Assurance

Installation and commissioning of the M4 beamline instrumentation will be performed by
qualified Accelerator Division staff. All necessary parts will be procured by Fermilab
personnel and inspected by qualified Instrumentation engineers or technicians prior to
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installation. Final testing and commissioning of instrumentation devices will be
performed by Fermilab technical staff.
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Figure 4.26. Beam Loss Monitor response over time. This figure shows the output of a Booster
loss monitor plotted using the accelerator control system Fast Time Plot facility. The vertical axis
is beam loss measured in Rad/sec. The horizontal axis is time relative to the BLM trigger event.

4.3.5 Instrumentation Installation and Commissioning

The Delivery Ring tune system is being repurposed from the Tevatron and will require
minor modification to become operational in the Delivery Ring. The first stage of
commissioning will be to install the existing Schottky and BBQ hardware in the Delivery
Ring and existing electronics in the upstairs service buildings. The devices will be
commissioned during beam studies in 2014. This initial set of measurements will be used
to determine if any modifications are necessary to achieve the final requirements.

Cable pulls to the beamline instrumentation will be made once beneficial occupancy is
obtained for the M4 beamline enclosure and cable trays are in place. All M4 beamline
instrumentation will be installed at the time of magnet installation. Electronics will be
installed in the AP30 service building, MC-1 Experimental Hall, and Mu2e Experimental
Hall once beneficial occupancy is obtained for each building.

4.4 Accelerator Controls

4.4.1 Controls Requirements

The central controls system is located in the Accelerator Division cross gallery where a
number of controls and communications signals arrive from various sources from across
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the accelerator complex.

Table 4.9 summarizes the signals required at each Muon

Campus service building and the media requirements for each system. Each system in
the table will be further explained in the technical design portion of this report (4.4.2).

Table 4.9. Controls and Communications requirements for each Muon Campus service building

Required System MI60 ,F0, F1,F2  F23,AP0, F27 AP10, AP30, AP50 Muz2e
Ethernet Single-mode Wireless/Thicknet Single-mode Fiber Single-mode
Fiber 10 Mbps 100-1000 Mbps Fiber
100-1000 Mbps 100-1000 Mbps
CAMAC or HRM CAMAC CAMAC CAMAC HRM
Serial Timing Multi-mode Fiber =~ Multi-mode Fiber Multi-mode Fiber Multi-mode
Links Fiber
Beam Synch Multi-mode Fiber =~ Multi-mode Fiber Multi-mode Fiber Multi-mode
(RRBS & MIBS)  (RRBS) (RRBS) Fiber
(RRBS)
Permit Loop Multi-mode Fiber ~ Multi-mode Fiber Multi-mode Fiber Multi-mode
(Muon) (Muon) (Muon) Fiber
(Muon)
FIRUS Single-mode Single-mode Fiber  Single-mode Fiber Single-mode

Safety System

SEWs

Radmux

Phones

Fiber

4/6/20 Conductor

Single-mode
Fiber

18 AWG 16x30

100/400

Conductor

4/6/20 Conductor

Single-mode Fiber

18 AWG 16Xx30

100/400

Conductor

4/6/20 Conductor

Single-mode Fiber

18 AWG 16x30

100/400 Conductor

Fiber

4/6/20

Conductor

Paging System

18 AWG
16x30

100/400

Conductor

For existing Muon Campus service buildings, the communications ducts will be removed
to accommodate construction of the M4 and M5 beamlines. Restoration of the controls
and communications signals will be performed as part of the Delivery Ring AIP [41].
Completion of this work is required prior to Mu2e commissioning and operations.
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4.4.2 Controls Technical Design

Control and communications lines to the existing Muon Campus service buildings will
use existing infrastructure. New control and communications lines will be required for
the Mu2e experimental hall.

4.4.2.1 CAMAC and Links

The existing accelerator service buildings will continue to use the legacy controls
infrastructure that is currently in place. These service buildings include all of the Main
Injector service buildings, as well as FO, F1, F2, F23, F27, AP0, AP10, AP30 and AP50.
Future Muon Campus service buildings, including MC-1 and the Mu2e building, will be
upgraded to a more modern controls infrastructure that will be discussed later in this
section.

CAMAC crates exist in each service building and communicate with the control system
through a VME style front-end computer over a 10 MHz serial link, as shown in Figure
4.27. Both digital and analog status and control of many accelerator devices occur
through the CAMAC front ends. There should be no need to install additional CAMAC
crates, as there is excess capacity in most of the existing crates. An inventory of existing
CAMAC crates in the Muon Department service buildings shows that about 25% of the
slots are unoccupied and could be used for additional CAMAC cards [39]. In addition,
further slots have become available that were used to interface devices that became
obsolete with the conclusion of Collider Run II operations. It is anticipated that there will
be ample CAMAC crate coverage for Mu2e operation in the existing Muon Department
service buildings, and very few crates will need to be added or moved.

There are serial links that are distributed between the service buildings via the accelerator
enclosures that provide the necessary communications paths for CAMAC signals as well
as other necessary signals such as clock signals, the beam permit loop and the Fire and
Utilities System (FIRUS). Controls serial links can be run over multimode fiber optic
cable or copper Heliax cable. Most Muon Department links that run through accelerator
enclosures are run over Heliax cable that should function normally in the radiation
environment expected during Mu2e operations.

Accelerator device timing that does not require synchronization to the RF buckets will
remain on the existing 10 MHz Tevatron Clock (TCLK) system. The existing TCLK
infrastructure will remain in existing service buildings and new TCLK link feeds will be
run via multimode fiber optic cable to the Mu2e Experimental Hall.
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Figure 4.27. Legacy CAMAC crates interfacing VME front ends via serial links provide both
analog and digital status and control of accelerator devices and will continue to be used in
existing Muon Department Service Buildings [40]. This drawing is taken from the AD Operations
Controls Rookie Book [45].

Accelerator device timing for devices that require synchronization to the RF buckets will
continue to be handled through the Beam Synch Clocks; however, a few changes will be
required to maintain functionality. The FO, F1 and F2 service buildings will need both 53
MHz Main Injector beam synch ) for SY120 operations and 2.5 MHz Recycler beam
synch (RRBS) for g-2 and Mu2e operations. These buildings already support multiple
beam synch clocks, so the addition of RRBS will require minimal effort. An obsolete
53 MHz Tevatron beam synch (TVBS) feed in the MI60 control room will be replaced
with a 2.5 MHz RRBS feed to provide the necessary functionality. The remaining Muon
Department service buildings currently use 53 MHz MIBS, but will require 2.5 MHz
RRBS for g-2 and Mu2e operations. This functionality can be obtained by replacing the
MIBS feed at FO with RRBS and using the existing infrastructure. Further upgrades and
cable pulls will only be required if it is later determined that both MIBS and RRBS are
required in these service buildings. New beam synch feeds to the g-2 and MuZ2e service
buildings will be run via multimode fiber optic cable.

The Delivery Ring permit loop provides a means of inhibiting incoming beam when there
is a problem with the beam delivery system. The existing Pbar beam permit infrastructure
will be used in the existing buildings. The CAMAC 201 and 479 cards that provide the
50 MHz abort loop signal and monitor timing will need to be moved from the MAC
Room to AP50 to accommodate the addition of the abort kicker at AP50. Existing

Mu2e Technical Design Report



4-42 Mu2e Technical Design Report

CAMAC 200 modules in each CAMAC crate can accommodate up to eight abort inputs
each. If additional abort inputs are required, spare CAMAC 200 modules will be
repurposed from the Tevatron and will only require an EPROM or PAL change to bring
them into operation. The permit loop will be extended to the MC-1 and Mu2e service
buildings via multimode fiber optic cable from the Mac Room. CAMAC will not be
available in the MC-1 and Mu2e Experimental Halls, so the abort permit signal for these
buildings will be extended via an additional cable pull to the AP30 service building.

Permit scenarios are being developed to support necessary operational scenarios that
include running beam to the Delivery Ring abort dump when Mu2e and g-2 are down,
and running beam to either experiment while the other is down.

4.4.2.2 Hot-Link Rack Monitor

New controls installations in the Mu2e Experimental Hall will use Hot-Link Rack
Monitors (HRM’s) in place of CAMAC. An HRM runs on a VME platform that
communicates with the control system over Ethernet, as shown in Figure 4.28. Unlike
CAMAC, no external serial link is required, minimizing the need for cable pulls between
buildings. Each HRM installation provides 64 analog input channels, eight analog output
channels, eight TCLK timer channels and eight bytes of digital I/O. This incorporates the
features of multiple CAMAC cards into a single-compact chassis. Like CAMAC, when
additional functionality or controls channels are needed, additional units can be added.
Two HRMs will be installed in both MC-1 and Mu2e Experimental Halls and should
provide ample controls coverage for both accelerator and experimental devices [43] [44].

4.4.2.3 Ethernet

Many modern devices have some form of Ethernet user interface. In addition, many
devices and remote front ends use Ethernet to interface the control system instead of
using the traditional CAMAC. The results are an increasing demand on the Controls
Ethernet. Figure 4.29 is a map of the Muon Controls network. All of the current Muon
Ring service buildings have Gigabit fiber optic connections from the cross-gallery
computer room to Cisco network switches that are centrally located in each service
building. These will provide ample network bandwidth and connections after the
reconfiguration for g-2 and Mu2e operations. A central Ethernet switch that fans out to
the other Muon Campus buildings is currently located in AP10, but will need to be
moved to AP30 as will be discussed later in this document [48].

Ethernet connectivity between the Delivery Ring service buildings is provided by
multimode fiber optic cable traversing the Ring enclosure. This will be upgraded to single
mode fiber optic cable in order to support rerouting of the site emergency warning system
as well as to provide a more robust fiber infrastructure for the higher radiation levels
anticipated for Mu2e operations.

Fermi National Accelerator Laboratory



Chapter 4: Accelerator Systems 4-43

Figure 4.28. A Hot-Link Rack Monitor is a flexible data acquisition system composed of a remote
unit and a PCI Mezzanine card that resides in a VME crate. Each HRM provides sixty four 16 bit
analog input channels, 8 analog output channels, 8 TCLK timer channels and 8 bytes of digital
I/0. HRM’s will eventually replace all of the functionality of CAMAC [43].
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Figure 4.29. Controls Ethernet to the Muon Department Service Buildings should be adequate for
MuZ2e operations. The central switch at AP10 will be moved to AP30. Legacy networks at APO,
F23 and F27 have limited bandwidth and connectivity, but should be sufficient for Mu2e
operations.

Most beamline service buildings have gigabit fiber connected to centrally located
network switches that provide ample network bandwidth and connections. AP0, F23, and
F27 are the only three buildings that do not have this functionality. APO runs off a
10 Mbps hub that connects to 10Base5 “Thicknet” that runs through the Transport and
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Rings enclosures back to AP10, while F23 and F27 run off 802.11b wireless from MI60.
Both are 10 Mbps shared networks with limited bandwidth and connectivity. It is
anticipated that the network in these three buildings will be sufficient for Mu2e
operations.

4.4.2.4 Restoring Controls Connectivity:

Construction of the M4 and M5 beamline enclosures will require removal of the
underground controls communication duct that provides connectivity between the
Accelerator Controls NETwork (ACNET) and the Muon Campus [47]. Included in this
communication duct is the fiber optic cable that provides Ethernet connectivity as well as
18 Heliax cables that provide the controls serial links and other signals including the Fire
and Utility System (FIRUS) [49]. These cables currently traverse this communications
duct to the center of the D20 location in the Rings enclosure, and travel through cable
trays on the Delivery Ring side to the AP10 service building. After removal of the
communications duct, FESS will construct new communications ducts from the existing
manholes. These communications ducts will go directly to AP30, MC-1 and Mu2e
service buildings without going through accelerator enclosures. See Figure 4.30 for
drawings of the current and future controls connectivity paths.

4.4.2.4.1 Restoring Connectivity

When the Heliax and fiber optic cables are cut during the above mentioned
communications duct removal, controls connectivity will be lost. The base plan for
restoring both Ethernet and controls link connectivity is to pull new fiber optic cable from
the cross gallery to the manhole outside of Booster Tower West and on to AP30 via the
new communications duct. As a result of the new fiber pull, the Ethernet and controls
links will fan-out from AP30 instead of AP10. This will require some additional controls
hardware configuration and labor. Efforts will be made to minimize the disruption by
pulling the fiber and staging the new hardware at AP30 before the communication duct is
cut. This is especially important for FIRUS, which is a necessary safety system [49].

Single-mode fiber will be needed for the Ethernet and FIRUS connectivity and
multimode fiber will be needed for the controls serial links. Bundles of 96 pair single
mode and 36 pair multi-mode fiber optic cable will be run to AP30. This provides the
necessary connectivity in a minimal amount of space. Similar fiber bundles will also be
pulled to MC-1 and MuZ2e.
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Figure 4.30. Muon campus controls paths. During construction of the M4 and M5 beamlines, the
communications duct that provides controls connectivity to the Muon Campus will be interrupted
(top). A new communications duct will be built to restore controls connectivity to the Muon
Service Buildings (bottom). New controls will be established to the MC-1 and Mu2e
Experimental Halls.
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4.4.2.42 Establish Connectivity to Mu2e

New fiber optic cable will be pulled from the MAC Room to the Mu2e Experimental Hall.
Single-mode fiber is needed for Ethernet and FIRUS and multimode fiber is needed for
the timing links and the abort permit loop. Bundles of 96 pair single mode and 36 pair
multi-mode fiber optic cable will be run to Mu2e. The fiber pulls will provide ample
connectivity for all Ethernet and controls signals for both the accelerator and experiment.
The Mu2e experiment anticipates requiring network rates approaching 100 MB/sec
during production data taking that can be handled easily with the proposed infrastructure.

4.4.2.5 Safety System Interlocks

Safety system interlocks will need copper cable pulled to AP30, MC-1 and Mu2e [41].
The existing Safety System signal trunk lines, which consist of seven 20 conductor #18
AWG cables that run from the safety system vault room XGC-005 through the Central
Utility Building (CUB) to AP10, will be interrupted due to the Muon Campus
construction. These trunk lines will need to be spliced at CUB and replaced with new
cables from CUB to the AP30 Building. These cables will be pulled at the same time as
the Control System fiber to minimize contract electrician costs. Figure 4.31 gives a
pictorial representation of each of the required cable pulls. It should be noted that the
costs outlined here deal only with the Safety System trunk line cables for the above
mentioned areas and does not include the necessary Safety System assemblies, cable and
hardware needed for the individual enclosure interlocks.

4.4.2.6 Muon Rings Interlocks

The safety system interlocks will have to be reestablished to the existing Muon Campus
areas when the seven 20-conductor cables are interrupted. The existing safety system
splice junction box below the CUB outside stairwell will be removed, and the seven 20-
conductor cables will be pulled back to inside the double doors that separate the CUB
outside stairwell from the utility tunnel, where the cables will be terminated in a new
junction box. The seven 20-conductor cables running from the removed junction box to
the communication manhole CMH33 heading to AP10 will be pulled out and scraped.

At the new utility tunnel junction box six 20-conductor cables will be pulled to the AP30
Service Building via the MI-8 line communications ducts to AP30 Cryo Room. In the
AP30 Cryo Room a junction box will be installed to terminate these cables and for use as
a break-out point. A six pair twisted shielded cable will be pulled into AP30 for the safety
system audio system. This six pair cable along with a new 20 conductor cable will be
pulled from the safety system vault room XGC-005 to the utility tunnel junction box and
terminated there. From this utility tunnel junction box a six pair twisted shielded and 20-
conductor cable will be pulled into the new junction box at AP30.
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Figure 4.31. Safety System Interlock Cable pulls [50].

From the new junction box in AP30 two 20-conductor and one 4-pair twisted shielded
cable will be pulled to the AP0 safety system junction box. These cables will be pulled
through the Muon Rings and Transport tunnel enclosures. Pulled within the AP30 service
building will be two 20-conductor and one 4-pair twisted shielded cables between the
new AP30 junction box and the existing AP30 junction box.

Two 20-conductor cables will be pulled from the new AP30 junction box and a new
safety system end rack that will be installed to accommodate a critical device controller
installation for g-2 and MuZ2e operations [41].

Making the transition to the new system will be made as efficiently as possible, but will
take some time due to the required cable terminations and rerouting of the safety system

signals.
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4.4.2.7 MuZ2e Interlocks

For the Mu2e interlock system one 4-pair twisted shielded cable will be pulled from the
safety system vault room, XGC-005, to the new utility tunnel junction box. One 20-
conductor and one 4-pair twisted shielded cable will be pulled from the new utility tunnel
junction box to the Mu2e building. Two 20-conductor cables will be pulled from the
Mu2e building to the new safety system end rack located at AP30. One 4-pair twisted
shielded cable will be pulled from the MC-1 building to the Mu2e building. The cables
pulled between MC-1, Mu2e and AP30 will be pulled through the enclosure tunnel [41].

4.4.2.8 Radmux

The Multiplexed Radiation Monitoring Data Collection System (MUX) is operated by the
ES&H / Radiation Protection / Instrumentation Team. The MUX system is used to collect
data from radiation monitors throughout the accelerator and beamline areas. The system
provides an interface between the radiation monitors and the hardware network, collects
real-time data for its various users, logs the raw data, processes and archives the data.
Additionally the archived data serves as the legal record of radiation levels throughout
the laboratory [40]. Radmux connectivity will be restored to the existing muon buildings
and established to the Mu2e Experimental Hall via new cable pulls [51].

4.4.2.9 Phone

Phone connections to the existing Muon service buildings will be reestablished by
splicing into the 400-pair cable in the MI-8 communications duct. A new section of 100-
pair cable will be run from the splice via a new communications duct path established by
the Delivery Ring AIP to the AP30 service building.

Phone connections to the Mu2e Experimental Hall will be established by splicing into
400-conductor pair phone line in the CMH33 Manhole and running new 100-conductor
pair phone line to the MC-1 and Mu2e Experimental Halls [52].

4.4.2.10 Site Emergency Warning System

The Site Emergency Warning System (SEWS) currently runs to the Muon Campus
buildings over the CATV system. When the communications duct is cut, the CATV
system will not be reestablished to the Muon Campus buildings. Instead, the SEWS will
be run over single mode optical cable to AP30 and then through the Delivery Ring
enclosure to AP10, where a connection will be made to the existing system.

No cabling infrastructure will be needed for the SEWS in the Mu2e and MC-1 service
buildings. A paging system internal to each building and will be tied to a radio receiver
(called a TAR) that receives the SEWS radio broadcast. The messages will be broadcast
over the paging system [53].
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4.4.3 Controls Risks

4.4.3.1 Legacy Networks

If the legacy Ethernet networks at AP0, F23, and F27 provide insufficient connectivity or
bandwidth for Mu2e operations, they can be most cost effectively upgraded by replacing
the current 10Base5 “thicknet” with single-mode fiber optic cable. The cable path would
be from the AP30 service building to the Delivery Ring enclosure, along the cable trays
toward the M3 beam line, and down the transport enclosure. From the transport enclosure,
the fiber optic cable can be run to F27 and AP0O. An additional fiber optic cable pull from
APO through the PreVault enclosure provides a path to F23.

4.4.3.2 Radiation Damage

The largest risk associated with legacy network upgrade proposed in the previous section
is the susceptibility of single-mode optical cable to radiation damage. If the radiation
environment in the accelerator enclosures does not allow for single-mode optical cable,
then higher cost rad-hardened fiber optic cable will have to be pulled. Standard 96 count
single-mode fiber costs approximately $1.50/foot, whereas 24 count rad hardened fiber
costs approximately $22/foot. Upgrading to the radiation-hardened cable would add
approximately $50k to the cost of the cable pull. Other fiber optic cable path options have
been considered, but prove to be more costly to implement.

4.4.4 Controls Quality Assurance

Contract electricians under the direction of Accelerator Division management will
complete all cable pulls and complete fiber optic terminations. Safety system cable
terminations will be managed by Fermilab ES&H personnel, and phone cable termination
will be managed by the Telecommunications Department. All controls links, FIRUS
configuration and network connections work will be managed by Accelerator Division
Controls Department personnel. All parts will be procured by Fermilab personnel and
inspected before being installed. Final testing and calibration of controls devices will be
performed by Fermilab technical staff before locating equipment in the service buildings.

4.4.5 Controls Installation and Commissioning

Installation of control systems will occur once construction of the communications ducts
has been completed and beneficial occupancy of the Mu2e Experimental hall is
established. Installation will occur in the following order. Further details can be found in
the Muon Campus Controls Cost Estimates documentation [40].

e All Fiber optic and copper cable will be ordered as per the specifications
determined by the engineers for each system [41].
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e Unused Heliax cable between the Central Utility Building and Manhole CMH-33
will be removed to make room for the necessary pulls to the Mu2e Experimental
Hall.

e Contract electricians will pull innerduct from the cross gallery to the Mu2e
Experimental Hall. The innerduct will reserve the space for the fiber optic cable
pulls.

e Contract electricians will pull all fiber optic and copper cables from the cross
gallery to the Mu2e Experimental Hall.

e Contract Electricians will complete all cable terminations in both the Cross
Gallery and Mu2e Experiment Hall.

4.5 Radiation Safety Plan

4.5.1 Radiation Safety Requirements

Radiation Safety Plan requirements come from two sources: the Mu2e Project mission
need and the Fermilab Radiological Control Manual (FRCM) [54]. The Mu2e Project
requires delivery of an 8 kW proton beam by 3" integer, slow resonant extraction to the
production target located inside of the Production Solenoid. This requirement is discussed
in conjunction with the FRCM in the Technical Design section below. Some of the
principle FRCM requirements are briefly introduced in this section while their
applications are discussed in conjunction with the stated physics goal below in the
Technical Design section.

Fermilab has a mature radiological controls program that will be applied to the operation
of Mu2e accelerator, beam line, and experimental facilities. The details of the program
related to entry controls, posting of radiological areas and control of radiological work
are not discussed here, except where unusual circumstances related to Mu2e facilities
warrant additional discussion.

4.5.1.1 Prompt Effective Dose Control

The FRCM requirement to control the prompt effective dose rate outside of accelerator
and beamline tunnels fall into two broad categories: the normal condition and the
accident condition. The permitted effective dose rates cover a wide range of values
depending upon the controls that can be implemented on a location-by-location basis.
Table 4.10 and Table 4.11 contain the range of dose rate limits relevant to these
conditions, and are reproduced from the FRCM for convenience.
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Table 4.10. Control of Accelerator/Beamline Areas for Prompt Radiation under Normal
Operating Conditions (from Table 2-6 of FRCM).

Dose Rate (DR) Under

Normal Operating Controls

Conditions

DR < 0.05 mrem/hr No precautions needed.

0.05 < DR < 0.25 mrem/hr Signs (CAUTION -- Controlled Area). No occupancy limits imposed.

Signs (CAUTION -- Controlled Area) and minimal occupancy

0.25 <DR <5 mrem/hr (occupancy duration of less than 1 hr).

Signs (CAUTION -- Radiation Area) and rigid barriers (at least 4' high)
5 <DR <100 mrem/hr with locked gates. For beam-on radiation, access restricted to
authorized personnel. Radiological Worker Training required.

Signs (DANGER -- High Radiation Area) and 8 ft. high rigid barriers
with interlocked gates or doors and visible flashing lights warning of

100 < DR < 500 mrem/hr the hazard. Rigid barriers with no gates or doors are a permitted
alternate. No beam-on access permitted. Radiological Worker Training
required.

Prior approval of SRSO'® required with control measures specified on a

DR= 500 mrem/hr case-by-case basis.

4.5.1.2 Effective Dose Control from Sources of Residual Activity

The control of effective dose due to residual radioactivity is a function that the FRCM
assigns to the relevant Division or Section ES&H Department. Residual activation is
variable depending upon factors such as beam power, irradiation time, and cool-down
time and is addressed by ES&H on an ad hoc basis. A calculation showing expected
residual dose rates for components in the slow resonant extraction region at AP30 has
been completed [55].

4.5.1.3 Air Activation

The production, control, and release of airborne radioactivity are permitted processes that
are regulated by the State of Illinois and are monitored by the ESH&Q Section. The
release of activated air must be anticipated and controlled such that the emissions from all
sources at the laboratory are below limits imposed by permit.

4.5.1.4 Ground Water Activation
Ground water activation is regulated by the Code of Federal Regulations and is
monitored by the ESH&Q Section.

' SRSO = Fermilab’s Senior Radiation Safety Officer
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Table 4.11. Control of Accelerator/Beamline Areas for Prompt Radiation under Accident
Conditions — When It is Likely that the Maximum Dose Can Be Delivered (From Table 2-7 of
FRCM)

Maximum Dose (D)

Expected in 1 hour Controls

D < 1 mrem No precautions needed.

Minimal occupancy only (duration of credible occupancy < 1 hr) no

1 <D <10 mrem posting

Signs (CAUTION -- Controlled Area). No occupancy limits imposed.

1<D <5 mrem Radiological Worker Training required.

Signs (CAUTION -- Radiation Area) and minimal occupancy
(duration of occupancy of less thanl hr). The Division/Section/Center

5<D < 100 mrem RSO has the option of imposing additional controls in accordance
with Article 231 to ensure personnel entry control is maintained.
Radiological Worker Training required.

Signs (DANGER -- High Radiation Area) and rigid barriers (at least 4'
100 €D < 500 mrem high) with locked gates. For beam-on radiation, access restricted to
authorized personnel. Radiological Worker Training required.

Signs (DANGER -- High Radiation Area) and 8 ft. high rigid barriers
with interlocked gates or doors and visible flashing lights warning of

500 < D < 1000 mrem the hazard. Rigid barriers with no gates or doors are a permitted
alternate. No beam-on access permitted. Radiological Worker
Training required.

Prior approval of SRSO required with control measures specified on a

D 2 1000 mrem case-by-case basis.

4.5.1.5 Radiation and Electrical Safety System Interlocks

The Radiation and Electrical Safety Systems currently employed at Fermilab will also be
used for the Mu2e facilities. The Critical Devices to be employed are described below in
the Technical Design section.

4.5.1.6 Interlocked radiation detectors

A partial set of laboratory standard shielding requirements [56] for an 8 kW, 8 GeV
proton beam is given in Table 4.12. The Categories 1A through 5A provide an upper
limit of effective dose rate for an 8 kW continuous beam loss if the given shield thickness
is present. For example, a location where a 20.6 foot shield is present while an 8 kW,
8 GeV proton beam is continuously lost at a single point, would result in an effective
dose rate of up to 5 mrem/hr. Application of Categories 1A through 5A are for situations
in which sufficient passive shielding exists to provide adequate protection.

' RSO = Radiation Safety Officer
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Categories 6A through 10A relate the effective dose that could be received for a single
pulse of 6.25x10'* protons*’ for a particular shield thickness. Categories 6A through 10A
are applied in conjunction with interlocked radiation detectors. For example, a single
beam pulse of 6.25x10'* protons lost at a location where the shield is 11.4 feet thick
would result in a delivered effective dose of up to 1 mrem. Interlocked radiation detectors
are used for Categories 6A through 10A to limit the duration and severity of beam loss
conditions when insufficient passive protection (shielding) exists.

Table 4.12. Partial list of shield criteria for 8 kW, 8 GeV proton beam

Magnet in Enclosure

Dose (D) Category Shield Thickness (ft.)
D < Imrem 1A 23.0
I <D <5 mrem 2A 20.6
5 <D <100 mrem 3A 16.2
100 <D <500 mrem 4A 13.8
500 <D <1000 mrem SA 12.8

Interlocked Detectors (1 pulse — 6.25x10'? protons)

D < Ilmrem 6A 11.4
I <D <5 mrem TA 9.0
5 <D <100 mrem 8A 4.6
100 <D <500 mrem 9A 3.0
500 <D <1000 mrem 10A 3.0

A summary of the radiation shielding thicknesses for the Mu2e facilities is given in Table
4.13. The basis for the Radiation Safety Plan derives from a comparison of Table 4.12
and Table 4.13. It would be possible to operate most of the Mu2e facilities with passive
shielding if, as required by Table 4.10 and Table 4.11, four or eight foot fences where to
be installed around the entire facility. Interlocked radiation detectors would be required
for the Transport Enclosure at the APO Service Building and at all Delivery Ring Service
Buildings because those locations have less than 12.8 feet of shielding. However, Indian
Road, the major thoroughfare between the Main Injector and the remainder of Fermilab,
would have to be closed off with fences. Since both closing Indian Road and adding
shielding to the entire complex are impractical options, the use of interlocked radiation
detectors is imperative. Consequently, the Radiation Safety shielding plan for Mu2e
facilities is based solely upon the Categories 6A through 10A in Table 4.12.

% An 8 kW, 8 GeV beam delivers 6.25x10" protons/sec to any given location
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Table 4.13. List of Mu2e accelerator and beam line facilities along with the nominal shield

Location Nominal shield (ft.)
Pre-Vault Enclosure at APO Service Building — M1 line 13
Transport Enclosure at AP0O Service Building — M3 line 12.5
Transport Enclosure Shielded Tunnel — M3 line 14
Transport Enclosure under Indian Road — M3 line 13
Transport Enclosure to Delivery Ring — M3 line 13
Delivery Ring at Arcs 13
Delivery Ring at Service Buildings 10

Beam Transport from Delivery Ring to Target Hall — M4 line 16

The interlocked radiation detector currently approved for use as a credited safety system
at Fermilab is the Chipmunk ion chamber. A Chipmunk has a nominal detector length of
less than one foot. A total of about 235 Chipmunk ion chambers would be required to
adequately cover the shielded locations listed in Table 4.13, assuming that a spacing of
15 feet is sufficient. About 45 Chipmunks are presently installed at these locations,
primarily at the Service Buildings. Consequently, about 190 additional chipmunks would
be required.

The costs to develop, build, install, and maintain such a number of Chipmunks were
considered extraordinary. Consequently, the Mu2e Project received a suggestion to
consider the development of an alternative long detector from the ESH&Q Section in
May of 2011.

The development of the long detector ion chamber, referred to as a Total Loss Monitor
(TLM), shown in Figure 4.32, has been ongoing since May 2011. The TLM system
consists of two main parts: the detector [65] and the electrometer [66] [67]. The detector
response has been characterized utilizing the TLM electrometer for proton beam loss
under a variety of conditions [58] [59] [60]. The TLM electrometer has been developed
outside the scope of the Mu2e project.

The TLM system design was submitted to the ESH&Q Section for preliminary approval
as a credited safety system in October 2013 [69].

The trip level for an integrating style interlocked radiation detector becomes the nominal

upper limit of the normal operating condition. Since the time-weighted average effective
dose is limited by the Radiation Safety System (RSS), a trip level must be chosen that is
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high enough to permit normal operating losses with some reasonable margin without
exceeding the normal effective dose rate limits established in Table 4.10.
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Figure 4.32. TLM System Schematic. The TLM detector gas volumes may be connected in series
to share detector gas systems. However, each detector is connected to an individual TLM
electrometer.

4.5.2 Radiation Safety Technical Design

4.5.2.1 Delivery Ring Extraction Losses

As can be determined from Table 4.13, the most challenging shield design for the Mu2e
project is at the AP service buildings. In particular, the slow resonant extraction process
occurs at the AP30 service building. Previous controlled beam loss measurements and
shield calculations have been made to characterize the situation without a realistic model
of operational beam loss mechanisms [61] [62] [63]. In more recent work, a model of the
slow resonant extraction system including the Electrostatic septa, Extraction Lambertson,
C-magnet, quadrupole magnets and a subset of extraction line magnets has been
developed to more accurately assess the nature of beam losses in the AP30 straight
section[64]. As shown in Figure 4.33, the model includes the AP30 service building and
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the nearby Type 2!, exit stairway. An in-tunnel shielding system [68], as shown in
Figure 4.34 has been developed to supplement the existing 10-foot service building shield.
The complete in-tunnel shielding system, incorporated into the MARS simulation model,
is shown in Figure 4.35. This figure also shows a sample of 8§ GeV extracted proton beam
tracks in the extraction and circulating beam channels.

A comparison of the result of the MARS simulations both without and with in-tunnel
shielding is shown in Figure 4.36. The peak normal effective dose rate in the AP30
service building with in-tunnel shielding is just under 40 mrem per hour. From Table 4.10
it can be seen that this is within the allowable operating range for normal beam loss. The
building would be posted as a Radiation Area and access would be restricted through the
entry control program to authorized personnel during beam operations.
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1.05x103 -

700-
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| | |
-4.00x10° -2.00x10° 0 2.00x103

Figure 4.33. Elevation view depicting MARS model of AP30 service building, including the exit
stairway and the slow resonant extraction system.

>l A Type 1 stairway has an associated elevator; a Type 2 stairway does not have an associated elevator.
The presence of an elevator shaft is relevant for shielding considerations.
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Figure 4.34. Example of in-tunnel shield design at the Extraction Lambertson location.
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Figure 4.35. MARS model of the Delivery Ring extraction region. Several extraction region
devices are shown with 3 foot thick in-tunnel steel shielding (red blocks). The Electrostatic Septa
(ESS-1 and ESS-2), various quadrupoles, the Extraction Lambertson (ELAM), and the C-magnet
(CMAG) are the devices to be shielded. The first extraction line quadrupole (Q901) and the
downward vertical bend (V901) do not require in-tunnel shielding. The tracks of an 8 GeV proton
beam sample directed at the upstream electrostatic septum wires are shown in black. Part of the
beam is diverted by the ESS field into the extraction channel and part of the beam remains near
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the circulating orbit of the Delivery Ring. Tracks of shower particles resulting from proton beam
loss are suppressed.

cm

8 kW beam extraction at AP30 - mrem/hr
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I I | cm
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Figure 4.36. A comparison of MARS simulation histograms in plan views at the elevation of the
AP30 service building floor. The top histogram shows the effective dose rate without in-tunnel
shielding. The bottom histogram shows the dose rate with in-tunnel shielding. The in-tunnel
shielding reduces the effective dose rate to acceptable levels. The elevated level shown at the
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upper right side of the figures is within the exit stairway that is inaccessible during beam on
operation. The lower black lines at Y = 508 cm indicates the tunnel concrete shield wall. The
parking lot adjacent to the AP30 service building begins at Y = 750 cm.

An additional MARS simulation was performed to determine effective dose rates in the
parking lot adjacent to the AP30 service building, along Indian Road that passes by the
AP30 service building, and at greater distances due to radiation skyshine. The result of
the calculation for the parking lot and Indian Road is shown in Figure 4.37.

The peak effective dose rate in the parking lot is generally less than 1 mrem/hr. The
effective dose rate at Indian Road is typically less than 0.05 mrem/hr. Therefore, the
occupancy of the roadway will not be restricted.

em 1 23 4 5

5.00x109

2.50x103

-2.50x103

-5.00x103 , ;
-3.00x10°3 0 3.00x103
X 2dc4)] T T T T T 1

ol abheoo 100 107100 107 10t 10t 100 1w’

Figure 4.37. This image shows the result of a MARS skyshine simulation for the in-tunnel
shielding case. The effective dose rate (mrem/hr) includes contributions from all particle fluences,
both direct and reflected from the atmosphere. Line 1: Delivery Ring centerline; Line 2: Outer
surface of tunnel concrete vertical wall; Line 3: AP30 service building outer edge; Region
between lines 3 and 4: AP30 Parking Lot; Line 5: edge of Indian Road.
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The result of the skyshine calculation is shown in Figure 4.38. In this calculation, the
effective dose rate is due solely to skyshine radiation. The average effective dose rate at
500 meters, the nominal distance to Wilson Hall, is less than 0.2 mrem/year.

Annual effective dose rate due to skyshine from continuous operation
of resonant extraction at AP30
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Figure 4.38. Radiation effective dose due to skyshine as a function of distance from the AP30
service building. The statistical errors (shown in red) as a function of distance are influenced by
the volume of tissue equivalent detector used in the simulation®. The effective annual dose rate at
500 meters, the nominal distance to Wilson Hall, for continuous occupancy, is less than
0.2 mrem/year.

The final concern associated with normal extraction losses at AP30 is the direct radiation
exposure to occupants of Wilson Hall. Since the source of radiation is underground, an
observer on the ground floor of Wilson Hall will receive a lower direct radiation dose
than an observer on a floor that is sufficiently high that there is a direct line of sight to the
source that does not pass through the ground. To calculate the direct dose, a MARS
simulation was made with a cylindrical tissue equivalent detector centered at AP30. This
cylindrical detector was constructed to be 0.3 meters thick, 70 meters high, with a radius
of 500 meters (the distance from AP30 to Wilson Hall). This simulation was used to
predict the annual effective direct radiation dose rate from Delivery Ring extraction
losses as a function of floor elevation. The azimuthal angle of Wilson Hall in this detector

> A small volume at a large distance intercepts a relatively small sample of particle tracks increasing the
statistical error in the mean dose rate measured in that volume.
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geometry is shown in Figure 4.39. The result of the simulation for the entire cylinder is

shown in Figure 4.40.

& it y

Figure 4.39. The azimuthal angle between the z axis of the MARS simulation at AP30 service
building and the center of Wilson Hall

Annual dose at 500 meters from AP30 service building as a function
of Wilson Hall floor elevation and azimuth angle
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Figure 4.40. Total effective annual dose rate as a function of floor elevation in Wilson Hall from
direct radiation exposure originating from the AP30 service building plus skyshine. The azimuth
angle of Wilson Hall is 23°.

A TLM installed in the AP30 straight section will be employed to limit beam losses to
those expected at nominal levels. A trip level margin commensurate with limitations for
the control level chosen from Table 4.10 will apply. As a result, it would not be possible
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for effective dose rate delivered under any conditions, including accidents, to exceed
permit limits under normal conditions.

The AP10 and AP50 service buildings are not expected to have significant beam losses,
though the abort kickers under the AP50 straight section will require monitoring. The
control of beam losses for the AP10 and AP50 service buildings is discussed in the next
section.

4.5.2.2 General Protection Scheme for Limiting Prompt Effective Dose Rate

The preceding section covered the consequences and control features for the AP30
extraction region. In this section, the remainder of the MuZ2e facilities up to the target hall
are addressed.

In general, normal operating beam losses are expected to be minimal and will not require
additional control measures, such as in-tunnel shielding. As discussed in section 4.5.1.6,
interlocked radiation detectors will be required to ensure the effective dose rate limits are
observed for all tunnel enclosures. TLMs are to be used for this purpose.

Since interlocked radiation detectors are to be used and the detector trip level setting
defines the limiting condition, a control level from Table 4.10 must be chosen. There are
two categories in Table 4.10 that are relevant to the Mu2e facility. These categories are
identified with a control level ID number and duplicated in Table 4.14. TLM locations
and trip levels are described in Table 4.15.

The TLM response for a controlled beam loss has been determined at the Booster for
8 GeV proton beam loss using an Ar/CO, detector system [59]. The experimentally
determined value of 2.6 nC/10'"° protons is used in Table 4.15 to calculate a TLM charge
collection level.

Table 4.14. Control level indices for use in Table 4.15

Control level Dose range Required controls

Signs (CAUTION -- Controlled Area) and
1 0.25 <DR < 5 mrem/hr minimal occupancy (occupancy duration of
less than 1 hr)

Signs (CAUTION -- Radiation Area) and rigid

barriers (at least 4' high) with locked gates. For
2 5 <DR <100 mrem/hr beam-on radiation, access restricted to

authorized personnel. Radiological Worker

Training required.
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Table 4.15. TLM locations and trip levels. The numbers in the Control Level column are drawn
from Table 4.14.
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1 Pre-Vault Enclosure at APO Service Building 5 13 1.89E+13 5 100 50 9 43E+14 604

— M1 line
5 Transport Enclosure at APO Service Building — 5 125 | 1348413 | 5.00 100 50 6.71E+14 430
M3 line
5 Transport Enclosureliilenelded Tunnel — M3 1 14 3736413 | 025 5 5 1 86E-+14 119
3 Transport Enclosure Eﬁger Indian Road — M3 1 13 189E+13 | 025 5 025 | 472E+12 3
4 Transport Enclosurelitr(l)eDehvery Ring — M3 1 13 189E+13 | 025 5 5 9 43E+13 60
5 Delivery Ring 20 Arc 1 13 1.89E+13 | 0.25 5 5 9.43E+13 60
6 Delivery Ring 40 Arc 1 13 1.89E+13 | 0.25 5 5 9.43E+13 60
7 Delivery Ring 60 Arc 1 13 1.89E+13 | 0.25 5 5 9.43E+13 60
8 Delivery Ring at AP10 Service Buildings 2 10 2.44E+12 | 5.00 100 50 1.22E+14 78
9 Delivery Ring at AP30 Service Buildings 2 10 2.44E+12 | 5.00 100 50 1.22E+14 78
10 Delivery Ring at AP50 Service Buildings 2 10 2.44E+12 | 5.00 100 50 1.22E+14 78
Upstream Beam Transport from Delivery Ring
11 to Target Hall — M4 line 1 16 1.46E+14 | 0.25 5 5 7.28E+14 | 467
Downstream Beam Transport from Delivery
+ +

12 Ring to Target Hall — M4 line 1 16 1.46E+14 | 0.25 5 5 7.28E+14 | 467

A description of the entries in Table 4.15 includes the following:

Location — The section of tunnel covered by a common TLM detector. The

section is uniformly shielded so that the limiting effective dose per lost proton is
nominally constant throughout the region.

Shield (ft.) — the minimum number of feet of shielding at the TLM installation.

Beam loss scaling factor — the number of protons lost per mrem for the given
shielding thickness. The factor is determined from the standard shield scaling

criteria [56].
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e Lower hourly dose rate for control level — this is the lower range value for the
given control level.

e Upper hourly dose rate for control level - this is the upper range value for the
given control level.

e Project suggested TLM limiting rate — this is the trip level determined by the
Mu2e Project that should be achievable while meeting the physics goals for the
Mu2e experiment.

e Extended limit — the product of the beam loss scaling factor and the Project
suggested TLM limiting rate.

e TLM trip level — the average charge collected in nanocoulombs per minute that
would result in an interlocked radiation detector trip.

The suggested TLM trip levels are determined assuming a beam loss that occurs at a
single point. Since the TLM system cannot distinguish how the collected charge was
distributed, the actual effective dose rate at any location along the shielded location will
generally be lower than the Project suggested limit. This is because beam losses are more
likely to be distributed over macroscopic distances rather than a single point.
Consequently, the TLM system is a conservative protection system.

Residual activation should also be considered in setting TLM trip levels. One watt per
meter of prompt beam loss is the accepted level that allows worker access without the
need for extraordinary controls. The trip levels given in Table 4.15 are modified in Table
4.16 to limit beam losses to 1 watt/ meter. The maximum effective dose rate outside the
shield is reduced accordingly where modified trip levels apply.

4.5.2.3 M4 Beam Line Shield Wall and Diagnostic Absorber

A 170-watt beam absorber is required in the M4 beamline for commissioning the
beamline and Delivery Ring resonant extraction. The initial beam commissioning period
will take place while the Mu2e apparatus is being installed in the detector enclosure.
Consequently, a shield wall is required to limit the radiation dose rate in the detector
enclosure during beam commissioning. MARS simulations were used to develop the
design of the Diagnostic Absorber and shield wall [71]. Figure 4.41 shows a plan view of
the arrangement. The effective dose rate at the location of the Detector Solenoid is less
than 0.05 mrem/hr during normal beam operation to the diagnostic absorber.

An accident condition in which the 170-watt proton beam is lost on the MDC switching
magnet was also considered. The resulting dose rate at the Production Solenoid was
calculated to be about 250 mrem/hr. A TLM will be located in the M4 line upstream of
shield wall. The TLM trip level for this operating mode will have to be reduced from the
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nominal 248 nC/minute to about 6.5 nC/minute in order to permit non-radiation workers
unrestricted access to the area around the Production Solenoid.

Table 4.16. Modified TLM trip levels to limit beam loss to 1 Watt/meter. The maximum effective
dose rate by location is reduced commensurately with the reduced trip level. The trip level for
TLM 9 (AP30) will be determined with consideration of the in-tunnel shielding.
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1 Pre-Vault Enclosure at APO Service Building — M1 line 9.43E+14 11.6 336 29.0

2 Transport Enclosure Shielded Tunnel — M3 line 1.86E+14 138 66 0.5 119 119 5.0
3 Transport Enclosure under Indian Road — M3 line 4.72E+12 10 2 0.2 3 3 0.3
4 Transport Enclosure to Delivery Ring — M3 line 9.43E+13 138 34 0.2 60 60 5.0
5 Delivery Ring 20 Arc 9.43E+13 118 34 0.3 60 60 5.0
6 Delivery Ring 40 Arc 9.43E+13 118 34 0.3 60 60 5.0
7 Delivery Ring 60 Arc 9.43E+13 118 34 0.3 60 60 5.0
8 Delivery Ring at AP10 Service Buildings 1.22E+14 51 44 0.9 78 78 50.0
9 Delivery Ring at AP30 Service Buildings

10 Delivery Ring at AP50 Service Buildings 1.22E+14 51 44 0.9 78 78 50.0

Upstream Beam Transport from Delivery Ring to Target

1 Hall — M4 line

7.28E+14 138 259 1.9 467 248 2.7

Downstream Beam Transport from Delivery Ring to

12 Target Hall — M4 line

7.28E+14 138 259 1.9 467 248 2.7

4.5.2.4 MS5 Beam Line Shield Wall

A shield wall, provided by the muon g-2 experiment is required in the M5 beam
enclosure to permit personnel access to the MC-1 service building during Mu2e beam
operation. MARS simulations were used to develop the design of the M5 beamline shield
wall [74]. The simulations show that a TLM trip level of 520 nC/min will limit the
effective dose rate downstream of the M5 shield wall to 0.25 mrem/hr. The limit in Table
4.16 for the upstream TLM is 248 nC/min, well below the specified trip level in the M5
analysis. The combination of the shield wall and this TLM trip level will be sufficient to
permit trained radiation workers unlimited access to the MC-1 service building.
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Figure 4.41. Plan view of MARS simulation showing the diagnostic absorber, shield wall, shield
wall bypass labyrinth under the normal operating condition.

4.5.2.5 Exit Stairways and Penetrations

Penetrations through the passive radiation shielding including stairways, ducts and cable
penetrations are considered in this section. TLMs described above also play a role in
limiting the radiation dose rate for these penetrations through the radiation shield.

An Excel spreadsheet developed by the ES&H Section [72] was used to calculate the
radiation dose rates at the exit of labyrinths and penetrations based upon user input
parameters including the source term, aspect ratio, and length of each of the legs of the
labyrinth or penetration. The evaluated penetrations are listed in Table 4.17 along with
the resulting dose rate calculated for the 2000 Pbar shielding assessment [73]. The third
column of the table shows the resulting dose rate by scaling to the 8 kW beam power
required for Mu2e. The fourth column shows the maximum number of protons lost per
hour as limited by the TLM trip levels established in Table 4.16. The fifth column shows
the maximum possible dose rate (single point beam loss) at the exit of facility
penetrations based upon the TLM trip levels established in Table 4.16. As indicated in
Table 4.17, the resulting radiation effective dose rates at the exits of these penetrations
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are within limits prescribed by the FRCM. No additional remediation is required for the
existing facility including the three elevator shafts at the type 1 stairways™.

Table 4.17. 2000 Pbar shielding assessment penetration dose calculations scaled to proposed
TLM trip levels. Radiation dose rates at penetration exits would require no addition mediation if
TLMs are used as described above.

Calculated exit Scaled to 8 Max Penetration
dose rate from KW. 8 GeV protons dose rate
Penetration Name 2000 pbar y t’ n beam TLM # lost/hour limited b
shielding pro (l)oss limited by TLMs Y
assessment TLMs
Determined for 3.6x10", 8 GeV primary protons per hour
AC.C/DEB 7.54E-02 47 5,6,7 9.43E+13 0
airshaft
ACC/DEB 1.85E-03 1 8,9,10 1.22E+14 0.0171
stairway type 2
Transport to AP0 | g () ) 60 2 1.86E+14 0
penetrations
Stub Room 2.00E-01 125 8,9,10 1.22E+14 1
Penetrations
AP0 water pipe 8.21E-01 513 2 1.86E+14 4
penetrations
Transport air duct
vent to APO 4.01E-03 3 2 1.86E+14 0
Transport to F27 6.32E-14 0 2 1.86E+14 0
Penetrations
ACC/DEB
elevator shafts 5.09E-01 318 8,9,10 1.22E+14 2
Transport 4.47E-02 28 2 1.86E+14 0
stairway
ACC/DEB 1.41E-05 0 8,9,10 1.22E+14 0
stairway type 1
AP50 Pit Vent 7.63E-07 0 10 1.22E+14 0
AP50 Pit
Labyrinth 1.78E-02 11 10 1.22E+14 0
Determined for 1.8x10'°, 120 GeV primary protons per hour
PreVault stairway 1.58E-02 0 1 3.26E+13 0
Sweeping Magnet
Penetrations 1.23E+00 0 ! 3.26E+13 0
PreVault to F23
Penetrations 3. 12E-04 0 ! 3.26E+13 0

> A Type 1 stairway has an associated elevator; a Type 2 stairway does not have an associated elevator.

Mu2e Technical Design Report




4-68 Mu2e Technical Design Report

4.5.2.6 Production Solenoid, Transport Solenoid, and Detector Solenoid Radiation
Shielding

The Production Solenoid, Transport Solenoid, and Detector Solenoid rooms are an
integral part of the Mu2e experiment hall depicted in Figure 4.141. The 8 kW, 8 GeV
delivered by the M4 line is directed to tungsten target located inside the Production
Solenoid. The un-interacted primary beam plus the resulting shower exit the Production
Solenoid, travel across an air gap, and are stopped in the main beam absorber. Since the
beam is completely stopped in the experimental facility, the normal condition is, with one
exception, the worst case condition. It should be possible to steer the primary 8 GeV
beam off of the tungsten target. This will be an expected condition during target scans.
The beam dump is designed to safely accept the full 8 GeV primary beam; the peak
power density for this condition is just 9.7 mW/g [133].

The shielding design for the normal condition beam operation has been studied in some
detail [136]. The resulting effective dose rate is shown in the 3D histogram shown in
Figure 4.42. The peak effective dose rate, 50 mrem/hr, occurs at the Production Solenoid
drop hatch. Consequently, the area will be required to be enclosed by a 4’ high fence and
the area will be required to posted as a “Radiation Area” in accordance with FRCM
requirements.

Dose map upstairs, mSv/hr

2.00x103 —

1.00x103 —

50 mre

-2.00x103 —

cm

5.1e-01

t-2 10 10” 10 107
Figure 4.42. 3D histogram of radiation effective dose rate at ground level for the Mu2e
experimental facility. The histogram scale is in mSv/hr while the peak dose rates above the
Production Solenoid drop hatch and the extinction room drop hatch are given in units of mrem
per hour.
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The Mu2e experiment facility includes 5 drop hatches, 3 exit stairways, an elevator shaft,
and 14 major penetrations. These design of these features has been evaluated [136] and
found to meet all requirements of the Fermilab Radiological Control Manual [54].

4.5.2.7 Ground water activation
The major sources of ground water activation due to beam operations for the Mu2e
experiment include losses at the following locations:

e Delivery Ring beam absorber

e M4 beamline Diagnostic absorber

e Proton target absorber (downstream of the Production Solenoid)
e Delivery Ring Injection

e Delivery Ring extraction

Detailed calculations for ground water activation for Mu2e operation of the Delivery
Ring have been completed [57]. No ground water issues have been identified.

4.5.2.8 Surface water activation

The major sources of surface water activation due to beam operations for the Mu2e
experiment are the same sources as those listed for ground water activation. Detailed
calculations for surface water activation for Mu2e operation of the Muon Campus have
been completed [57]. No surface water issues have been identified.

4.5.2.9 Airborne radioactivity

The major source of airborne radioactivity due to beam operations for the Mu2e
experiment is from primary/secondary beam passing through the air volume between the
Production Solenoid and the Proton Target Beam Absorber. The Production Solenoid
Room will be under negative pressure relative to the outdoor environment and to the
Detector Solenoid Room to prevent activated air infiltration to those areas. About
900 cfm of dry conditioned air will be injected into the Production Solenoid Room to
minimize production of nitric acid. To minimize the release of airborne radioactivity,
Production Solenoid Room air will be transported through the M4 beamline enclosure to
the exit stairway at the upstream end of the M4 beamline enclosure. There, air will be
released to the atmosphere through an exhaust fan. The exhaust fan speed will be set to
ensure the Production Solenoid Room and M4 beamline enclosure are at negative
pressure with respect to atmosphere. Air flow barriers in the M5 beamline and between
the Delivery Ring and M4 beamline will be required in order to maintain negative
pressure. In addition, various shield walls and access points will be sealed.

Detailed calculations for other, less significant, sources of airborne radioactivity for
Mu2e operation have been completed [57]. The contribution of airborne radioactivity due
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to Mu2e operations will be a reasonably small fraction of the permitted annual emissions
[57].

4.5.2.10 Radiation Safety System Critical Devices

The Muon Campus beam operations will serve multiple purposes, primarily to deliver
beam to the MC-1 service building for the muon g-2 experiment and to the Mu2e proton
target for the Mu2e experiment. Critical devices have been chosen for both purposes and
are described in Reference [77].

4.5.3 Radiation Safety Risks

Two risks have been identified and are described below.

4.5.3.1 TLMs cannot be used to limit the intensity and duration of beam loss

The TLM system must be approved as an accredited safety system by the ESH&Q
Section in order to be used to limit beam losses. The ESH&Q section gave preliminary
approval to use the TLM system as a credited system in April, 2014 [137]. If a technical
reason is found during the continuing review process that prohibits accreditation of the
TLM system, an alternative approach using Chipmunk ion chambers, previously
discussed in section 4.5.1.6 may be used. Assuming a 15-foot spacing is adequate, 190
chipmunks would be required to be produced and installed in place of the proposed TLM
systems. The full consequences are discussed in Reference [75].

4.5.3.2 Radiation levels outside of the MuZ2e facility are too high

The resonant extraction system at AP30 is a known beam loss point. If the effective
radiation dose rate cannot be sufficiently attenuated by in-tunnel shielding, additional
shielding or a reduction in beam intensity may be required to produce further reductions.
The full consequences of this risk are discussed in Reference [76].

4.5.4 Radiation Safety Quality Assurance

4.5.4.1 In-tunnel shielding design

An engineering design has been completed for the in-tunnel shield support stands. An
engineering note has been prepared and an AD Mechanical Support Department design
review will be conducted. In addition, the design will be reviewed by the Facility
Engineering Services Section to ensure compatibility of the design with tunnel enclosure
structures.

4.5.4.2 TLM system design

The TLM system includes the TLM chassis, detector, detector gas systems and heartbeat
resistor. The system has been designed by AD Electrical Engineers and Engineering
Physicists. The design is subject to an intense review process by the AD ES&H
Department and the Fermilab ESH&Q section.
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If the TLM system is approved as a safety system, it will come under the purview of the
AD ES&H Department Interlocks Group. The Interlocks Group will perform periodic
calibration and system tests on the TLM system, similar to what is currently done to
maintain other Radiation and Electrical Safety Systems. In addition to periodic testing,
the TLM system has been designed to be fail-safe. In the event a system parameter goes
out of tolerance, the Radiation Safety System will interrupt beam delivery to the affected
area until the cause of the out-of-specification condition is found, repaired, tested, and
returned to service.

The TLM system will be subject to review by the Shielding Review Committee (SRC).
The SRC, a team of experts specializing in radiation protection, are called upon to review
safety systems for conformance with FRCM requirements. The TLM system as described
in this design report must receive the approval of the SRC before it may be deployed.

4.5.4.3 Radiation and Electrical Safety Systems (RSS and ESS)
The Radiation and Electrical Safety Systems that will be used for Mu2e are the same
systems that have been in service for many decades at Fermilab. The RSS and ESS
designs are subject to review and approval by the ESH&Q Section.

4.5.5 Radiation Safety Installation and Commissioning

4.5.5.1 In-tunnel shielding installation

The installation of the in-tunnel shielding will be performed by riggers, a specialty group
adept at installing massive equipment in tight areas. The installation will be conducted
under the supervision of AD Mechanical Support Department Engineers and in
accordance with Engineering Design Notes.

4.5.5.2 TLM installation

The TLM signal and high voltage cables will be installed by contract electricians under
the supervision of the AD Electrician Contract Coordinator. The TLM detector gas
system will be installed by AD Mechanical Support Department Technicians. The TLM
detectors will be terminated by the AD ES&H Department Interlocks Group. Testing and
commissioning of the TLM system will involve a joint effort of the AD ES&H
Department and the Muon Department.

4.5.5.3 Radiation Safety and Electrical Safety System interlock installation
Installation of the RSS and ESS systems will be accomplished by contractor electricians
under the supervision of the AD Electrician Contract Coordinator. Final system
terminations, subsystem interconnections and testing will be performed by the Interlocks
Group of the AD ES&H Department [70].
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4.6 Resonant Extraction System

4.6.1 Introduction

The Resonant Extraction System is used to provide the experiment with proton pulses
with the specific time structure described in section 4.1.5. This structure is determined by
the time structure of the circulating beam as, for each turn, a small fraction of the
circulating beam is peeled off and redirected to the experiment through the extraction
beamline. This is known as “slow extraction,” or “slow spill extraction,” because the
single bunch circulating in the Delivery Ring is fully extracted over a relatively long
duration (spill): 54 msec, or about 32,000 turns. After a spill ends, either the next bunch
is injected into the Delivery Ring and a new spill begins, or there is a pause until the next
Main Injector supercycle. As indicated in Figure 4.4, there are eight spills in each
supercycle. The Delivery Ring is reset to its initial state during short intervals after each
spill. There is also a substantial interval of no spill in the supercycle when the Recycler is
busy with beam manipulations for the neutrino program.

To maintain uniform response of detector subsystems, the spill rate should be maintained
as uniform as possible. Two subsystems control the spill process. The first is a circuit of
quadrupole magnets that drives the horizontal tune to the resonance value of 29/3. This is
a relatively slow system and provides a coarse regulation. The second system employs
horizontal “heating” of the beam to assist extraction. This subsystem offers faster spill
regulation and is used in a feedback loop to compensate small, fast spill rate variations.
Known as the RF Knock-Out (RFKO) method, it will be discussed in detail later in
Section 4.6.3.4. The use of both these subsystems by the spill regulation system will be
discussed in Section 4.6.3.5.

4.6.2 Resonant Extraction Requirements

The requirements for resonant extraction are outlined in the Proton Beam Requirements
document [2]. Table 4.18 contains the main specifications for the extracted beam.

4.6.3 Resonant Extraction Technical Design

Continuous beam extraction is realized by creating a resonance condition that destabilizes
part of the beam in a controlled way. To accomplish this, the machine horizontal tune
must be close to a third integer (m/3), and a strong sextupole field must be present to
excite the resonance. Unstable particles stream away from the beam center and are
intercepted in the Electrostatic Septum (ESS), where a thin plane of wires or foils
separates the region of circulating beam from a region of high electrostatic field that
deflects particles horizontally. The deflected beam then enters the field region of a
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Lambertson magnet™, about 8 m downstream of the ESS, which gives it a vertical kick
that sends it into the External Beam Line. The extraction process is driven by ramping the
field in a dedicated circuit of quadrupole magnets to move the horizontal tune towards the
resonance value.

Table 4.18. Main specifications for the Mu2e Resonant Extraction

Parameter Value
Spill duration 54 msec
Number of spills in a supercycle 8

Full spill intensity Up to 10" protons
Number of protons extracted per pulse (turn) 3x10’
Time between pulses (turns) 1.695 usec
Reset time between spills 5 msec
Spill rate variations <50%
Beam leftover in the end of spill <5%
Beam losses in the extraction region <2%
Extraction time duty factor 32%

By the end of a spill, the beam must be completely removed from the machine. Any beam
present in the ring during the reset time would result in high losses and contamination of
the RF intra-bucket (extinction) space. Therefore the entire leftover beam is removed by
the abort system at the end of the spill. Locations of all corresponding elements are
shown in Figure 4.43.

The following sections will be organized as much as possible according to the Resonant
Extraction WBS structure. This will be followed by a general discussion of Risks and
Quality Assurance.

4.6.3.1 Resonant Extraction General

4.6.3.1.1 Theory

The theoretical background for resonant extraction is described in publication [78], which
was the basis of the Conceptual Design of resonant extraction for the Mu2e project. This
conceptual work was further extended in reference [79] into an analytical model that can
be used for calculations of the extraction efficiency as a function of time and various
machine parameters, such as acceptance, initial beam emittance, and Twiss functions.

** A Lambertson magnet consists of two chambers: a field-free chamber for the beam circulating in the ring
and a region containing a dipole magnetic field that vertically kicks the beam in the extraction channel into
the extraction beamline.
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This model is useful for a parameter space analysis, but is not intended to replace more
rigorous tracking simulations that include effects of space charge, RF manipulations,
feedback regulation and other complex details. The equations that follow in this section
are expressed in the phase space of (complex) canonical, normalized, horizontal
coordinates a and a*, which are related to the usual unnormalized, real coordinates,
(x, x’), or angle-action coordinates, (¢, /), as follows:

x+i(ox+ fx')

2B

where o and f3 are the usual Twiss lattice functions. The leading order Hamiltonian of the

a=A1-e7*"? = (4-4)

third integer resonance is then presented as

3

H=AV-I—(g-e_i3¢+g*-ei3¢)15+... (4-5)

Here, Av=v,-29/3 =0 is the difference between the machine horizontal tune and the
resonant tune and is presumed to be small; the “resonance coupling constant,” g, is a
linear functional of the sextupole field strength distribution.

l 1 B"l 3/2 —i3(y, (6)-AVE)
g=—7=—) — B (@ (4-6)
o2 41> Bp
where the sum is carried out over the locations of all the sextupole magnet components in
the machine. This interaction divides the phase space into two zones of stable and

unstable motion. The boundary between these zones is called the separatrix, which is an
equilateral triangle in canonical phase space, as shown in Figure 4.44.

The size of this separatrix is determined by the separation between the origin and a vertex,
ao, which is related to the control parameters, Av and g, as follows:

Av
3g

|a0|=\/K=

(4-7)

Therefore, to create an unstable motion within the beam, one needs to be close to the
resonance tune and have a substantial sextupole field strength. Particles outside the
separatrix move away from the center in the directions shown by the red lines in Figure
4.44.
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Figure 4.43. Location of the Resonant Extraction elements in the Delivery Ring.

The orientation of the separatrix is determined by the phase of the parameter g, which is
determined by the positions of the sextupoles relative to the point of observation. To

minimize losses at the septum, the angle ¢ should be made close to 7/3 plus a multiple
of 2m/3, corresponding to motion of unstable particles parallel to the x-axis.

Figure 4.44. Third integer resonance separatrix shape and orientation.

During a spill the machine tune is changed by varying the excitation of ramped
quadrupoles from their initial excitations toward excitation currents corresponding to a
horizontal tune at the resonance value of 29/3. As Av decreases, the separatrix shrinks
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(see equation (4-7) ), pushing more particles into the unstable region. Thus, the natural
sequence of extraction is to remove the particles with higher betatron amplitudes first.

When the beam possess a substantial tune spread, this natural sequence is complicated by
the possibility that a beam particle’s relative proximity to the separatrix is also a function
of its position in the tune distribution in addition to its betatron amplitude. This gives rise
to the undesireable prospect of extraction from multiple separatrices. The chromatic tune
spread can be controlled by a careful choice of the machine chromaticity. However, the
space charge tune spread is irreducible and becomes a serious issue at high beam
intensities.

At 8 kW beam power in the Delivery Ring, the space charge tune spread is noticeable, as
discussed earlier in section 4.2.1. To mitigate this effect, we approach the resonance
from below (Av <0) during the extraction sequence (see Figure 4.5). In this case,
particles with higher betatron amplitudes (and smaller space charge tune shift)
correspond to the upper side of the tune spectrum, which is closer to the resonance and
therefore the natural order of extracting high amplitude particles first is preserved.

4.6.3.1.2 Septum Beam Loss: Analytical Model

At a fixed location in the ring an unstable particle appears at each consecutive turn in
different outgoing branches of the separatrix. Only one direction is of an interest for us,
the direction towards the septum. The change of coordinate in this direction is therefore
calculated after three consecutive turns and is called the “step size.” The step size is an
important parameter because the fraction of beam lost on the septum foils (R;) is
approximately calculated as the ratio of the septum plane thickness to the step size®. In a

more accurrate formulation [79], under optimal conditions, R; can be better approximated
by:

e d, 2X,
’ Xé_X(? ln[Xmax_XO XS+X0\J

Xmax+X0 XS_XO

(4-8)

Here d,, is the effective septum foil plane thickness, Xjis the projection of the separatrix
size, ap, on the X-coordinate, Xsis the optimum septum plane position and X, is the
maximum “reach position” allowed by the machine acceptance. The X; and X, are
calculated in the model [79], and ais a known function of time. Equation (4-8) shows
that as the separatrix shrinks during the spill, losses on the foil plane will monotonically
decrease due to the reduction of X,.

* The stepsize for Mu2e resonant extraction from the Delivery Ring is approximately 5 mm. With an
effective foil plane thickness of 50 um, R; = 1%.
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Figure 4.45 shows results of septum foil plane loss calculation using this model. The
time dependence of ay (separatrix size) was taken from Synergia2 tracking simulations
[82], where the tune ramp, Av(?), had been optimized. The effective septum foil plane
width was assumed to be 50 um. The red line shows the model expectation for losses
with the present Delivery Ring optics and B,=9 m at the ESS. The horizontal beta
function at the ESS can be increased to improve extraction performance. For example,
[.=15m can be achieved by a local beta-bump that doubles the beta-function at the
Q203 focusing quadrupole. Although this is possible, optics modifications are not
currently included in the scope of the project. The plot on the bottom of Figure 4.45
shows efficiency curves for three different values of the machine acceptance: 25, 35, and
50 t mm-mrad. The nominal acceptance of the Delivery Ring is 35w mm-mrad.
Substantial opening of the machine aperture would be required to achieve the same effect
as a local doubling of the beta-function.

4.6.3.1.3 Septum Beam Loss: Tracking Simulations

The details of beam transport through the extraction channel, and in particular its
interaction with the septum wire/foil plane, were studied using the MARS simulation
code [81]. The MARS code includes various types of particle interactions with material
and the tracking of secondary particles. The model includes a geometrical description of
lattice elements that