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Executive Summary

The Muon g — 2 Experiment, E989 at Fermilab, will measure the muon anomalous mag-
netic moment, a, = (g — 2)/2, to unprecedented precision: the goal is 0.14 parts per million
(ppm). The worth of such an undertaking is coupled to the fact that the Standard Model
(SM) prediction for a, can also be determined to similar precision. As such, the comparison
between experiment and theory provides one of the most sensitive tests of the completeness
of the model. The Brookhaven-based E821 experiment, which completed data taking in
2001, determined a,(Expt) to 0.54 ppm. Steady improvements in theory since that time
have resulted in a present SM uncertainty on a,(SM) of 0.42 ppm. The experimental mea-
surement and SM predictions differ by 3.3 to 3.6 standard deviations, depending on which
evaluation of the lowest-order hadronic contribution in the SM is used:

Aa,(Expt — SM) = (286+£80) x 10~ (1)
= (260 +78) x 107" (2)

(see Chapter 2 for details). This is a highly cited result, owing in part to the many natural
SM extensions from supersymmetry to dark photons that could cause such an effect. The
planned four-fold improvement in experimental precision compared to E821, could establish
beyond doubt a signal for new physics—if the central value of the measurement remains
unchanged. During the time it will require to mount, run and analyze the data, the SM
hadronic predictions are expected to become even more precise; thus the comparison of
experiment to theory will be quite powerful, no matter what final values are found. The
Motivation for the new experiment and a detailed exposition on the SM theory is provided
in Chapter 2 of this document.

The original E989 Proposal, and the additional design work now completed in preparation
of this Conceptual Design Report (CDR), outline a credible plan to achieve the experimental
goal in a timely and cost-efficient manner. The approach is anchored by the re-use of the
existing precision muon storage ring, an efficient and parasitic deployment of the Fermilab
proton complex and beamlines, and strategic upgrades or replacements of outdated or under-
performing components from E821. The experiment will be carried out by a collaboration of
accelerator, atomic, nuclear and particle physicists, drawing from domestic and international
universities and national laboratories. The collaboration retains a strong core of experienced
participants from BNL E821, augmented by many new groups selected for their expertise in
areas that are required to mount a next-generation experiment.

In many ways, E989 is a unique, large-scale Project. Several core aspects involve proven
elements from E821 that will be retained in whole or with minor upgrades. This is especially
true for the storage ring elements and the magnetic field measuring tools, which will be
relocated, re-assembled and restored to operation. Many of these items are well beyond a
normal CDR stage in terms of design; indeed, they exist and often require no more than
testing and minor repair. In contrast, several items have been identified as requiring a new
approach to meet the demands of a higher rate experiment with lower systematic uncertain-
ties. Chief among them is a new storage ring kicker and, ultimately, a new inflector magnet.
The storage-ring electrostatic quadrupoles will undergo an operational upgrade and one set
will be redesigned to better allow for the beam passage through them as it enters the storage
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ring. The beam position mapping will employ a unique in-vacuum tracking system and the
instrumentation for the precession frequency measurement—calorimeters, fast digitizers and
modern data acquisition—will all be new. Naturally, the entire pion-to-muon beam path
from target to storage ring is unique at Fermilab.

The BNL experiment was statistics limited. With a persistent and tantalizing hint of new
physics, it has been recognized for many years that a next-generation effort is required to
lead to a true discovery. A number of informal studies led to the realization that relocation
of the storage ring to Fermilab would provide the ideal environment for the next generation
experiment. The Booster, the Recycler, and the existing antiproton target station can be
used to acquire a 20-fold increase in statistics in a timely manner. One can take direct
advantage of the experience with the unique and well-understood storage ring developed
for E821. The proposed beam environment and relatively modest experimental upgrades
would provide a better measurement environment that will lead to reduced systematic unce
rtainties. The K989 Proposal was presented to the Fermilab PAC in March 2009. Cost
evaluations by an independent committee followed, and beam delivery studies were initiated.
Following the completion of the Proton Improvement Plan, Fermilab can service the NOvA
experiment fully and provide excess proton cycles to adequately meet the unique needs of the
g—2 experiment. The experimental technical approach described in this CDR is conservative.
It is built on the foundation and lessons learned from several generations of g—2 experiments
at CERN and then Brookhaven, and we retain key personnel that provide necessary overlap
with the most recent effort.

The beam-use plan has evolved further such that it now largely overlaps with the needs
of the Mu2e Experiment. Together, g—2 and Mu2e have become the first tenants of the new
Muon Campus, which involves several buildings, beamlines and infrastructure support. A
new general purpose building, MC-1, has been designed with specific attention to the needs
of the g—2 experiment—e.g., stable floor, temperature control to +2° F, and the necessary
services. Ground-breaking for MC-1 occurred in May, 2013 and beneficial occupancy is
expected in early 2014.

Following the Project Overview, the CDR is organized as follows. We begin with chapters
on the physics motivation—including the discussion standard-model and non-standard-model
physics—and the experimental strategy. The measurement involves ambitious statistical
and systematic uncertainty goals. Chapter 5 then provides a roadmap that summarizes our
plans to meet the statistical and systematic uncertainty targets. The factors contributing
to these estimates are distributed throughout the document, as they fall into different WBS
categories, so this chapter also provides both short descriptions of the factors that underlie
the uncertainty targets, and pointers to the specific sections that discuss the topics in detail.
The bulk of the CDR then describes the experimental design that can reach those targets,
from production and delivery of the muon beam through to the slow controls and monitoring
of the data taking process.
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Chapter 2

Introduction and Physics Motivation

2.1 Introduction

This chapter gives the physics context of magnetic moment measurements, the Standard
Model expectations, along with the reach of such experiments to identify and constrain
physics beyond the Standard Model. Except for a broad-brush mention of the experimental
technique, the details are left for later chapters. Chapter 3 gives an overview of the exper-
imental method, and the subsequent chapters give the details. We attempt to follow the
WBS structure in those later chapters.

2.2 Magnetic and Electric Dipole Moments

The study of magnetic moments of subatomic particles grew up with the development of
quantum mechanics. For fermions the magnetic dipole moment (MDM) is related to the
spin by

= g% 2.1
A=gy 5 (2.1)

where Q = £1 and e > 0. Our modern interpretation of the Stern-Gerlach experiments [1]
is that their observation: “to within 10% the magnetic moment of the silver atom is one
Bohr magneton” was telling us that the g-factor of the un-paired electron is equal to 2.
However, reaching this conclusion required the discovery of spin [3], quantum mechanics [4]
along with with Thomas’ relativistic correction [5]. Phipps and Taylor [6] repeated the
Stern-Gerlach experiment in hydrogen, and mentioned the electron spin explicitly. One of
the great successes of Dirac’s relativistic theory [7] was the prediction that g = 2.

For some years, the experimental situation remained the same. The electron had g =
2, and the Dirac equation seemed to describe nature. Then a surprising and completely
unexpected result was obtained. In 1933, against the advice of Pauli who believed that the
proton was a pure Dirac particle [8], Stern and his collaborators [9] showed that the g-factor
of the proton was ~ 5.5, not the expected value of 2. Even more surprising was the discovery
in 1940 by Alvarez and Bloch [10] that the neutron had a large magnetic moment.

In 1947, motivated by measurements of the hyperfine structure in hydrogen that obtained
splittings larger than expected from the Dirac theory [11, 12, 13], Schwinger [14] showed that

19
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20 INTRODUCTION AND PHYSICS MOTIVATION

from a theoretical viewpoint these “discrepancies can be accounted for by a small additional
electron spin magnetic moment” that arises from the lowest-order radiative correction to the
Dirac moment!,

4] 1 e?
o =% —0.001162. (2.2)
[ 2w he
It is useful to break the magnetic moment into two terms:
h -2
u:(l—i-a);—m, where a = (92 ) (2.3)

The first term is the Dirac moment, 1 in units of the appropriate magneton eh/2m. The
second term is the anomalous (Pauli) moment [15], where the dimensionless quantity a
(Schwinger’s du/ 1) is sometimes referred to as the anomaly.

2.2.1 The Muon

The muon was first observed in a Wilson cloud chamber by Kunze[16] in 1933, where it was
reported to be “a particle of uncertain nature.” In 1936 Anderson and Neddermeyer[17]
reported the presence of “particles less massive than protons but more penetrating than
electrons” in cosmic rays, which was confirmed in 1937 by Street and Stevenson[18], Nishina,
Tekeuchi and Ichimiya[19], and by Crussard and Leprince-Ringuet[20]. The Yukawa theory
of the nuclear force had predicted such a particle, but this “mesotron” as it was called,
interacted too weakly with matter to be the carrier of the strong force. Today we understand
that the muon is a second generation lepton, with a mass about 207 times the electron’s.
Like the electron, the muon obeys quantum electrodynamics, and can interact with other
particles through the electromagnetic and weak forces. Unlike the electron which appears
to be stable, the muon decays through the weak force predominantly by p~ — e"v,.. The
muon’s long lifetime of ~ 2.2 us permits precision measurements of its mass, lifetime, and
magnetic moment.

2.2.2 The Muon Magnetic Moment

The magnetic moment of the muon played an important role in the discovery of the generation
structure of the Standard Model (SM). The pioneering muon spin rotation experiment at
the Nevis cyclotron observed parity violation in muon decay [21], and also showed that g,
was consistent with 2. Subsequent experiments at Nevis [24] and CERN [25] showed that
a, ~ «/(2m), implying that in a magnetic field, the muon behaves like a heavy electron. T'wo
additional experiments at CERN required that contributions from higher-order QED [26],
and then from virtual hadrons [27] be included into the theory in order to reach agreement
with experiment.

2.2.3 The Muon Electric Dipole Moment

Dirac [7] discovered an electric dipole moment (EDM) term in his relativistic electron theory.
Like the magnetic dipole moment, the electric dipole moment must be along the spin. We

LA misprint in the original paper has been corrected here.
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can write an EDM expression similar to Eq. (2.1),

d=n (Qe) g, (2.4)

2me

where 7 is a dimensionless constant that is analogous to g in Eq. (2.1). While magnetic
dipole moments (MDMs) are a natural property of charged particles with spin, electric
dipole moments (EDMs) are forbidden both by parity and by time reversal symmetry.

The search for an EDM dates back to the suggestion of Purcell and Ramsey [28] in 1950,
well in advance of the paper by Lee and Yang [29], that a measurement of the neutron EDM
would be a good way to search for parity violation in the nuclear force. An experiment
was mounted at Oak Ridge [30] soon thereafter that placed a limit on the neutron EDM of
d, < 5x107% e-cm, although the result was not published until after the discovery of parity
violation.

Once parity violation was established, Landau [31] and Ramsey [32] pointed out that
an EDM would violate both P and T symmetries. This can be seen by examining the
Hamiltonian for a spin one-half particle in the presence of both an electric and magnetic
field,

H=—ji-B—d-E. (2.5)

The transformation properties of E, B , fi and d are given in Table 2.2.3, and we see that
while /i - B is even under all three symmetries, d - E is odd under both P and T. Thus the
existence of an EDM implies that both P and T are not good symmetries of the interaction
Hamiltonian, Eq. (2.5). The EDM is a CP-odd quantity, and if observed, would be the
manifestation of a new source of CP violation. The search for a muon EDM provides a
unique opportunity to search for an EDM of a second-generation particle.

Table 2.1: Transformation properties of the magnetic and electric fields and dipole moments.

d

Eéﬁor
-+ +

+ - -

H QT

Concerning these symmetries, Ramsey states [32]:

“However, it should be emphasized that while such arguments are appealing
from the point of view of symmetry, they are not necessarily valid. Ultimately
the validity of all such symmetry arguments must rest on experiment.”

Fortunately this advice has been followed by many experimental investigators during the
intervening 50 years. Since the Standard Model CP violation observed in the neutral kaon
and B-meson systems is inadequate to explain the predominance of matter over antimatter in
the universe, the search for new sources of CP violation beyond that embodied in the CKM
formalism takes on a certain urgency. Searches for a permanent electric dipole moment of
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the electron, neutron, and of an atomic nucleus have become an important part of the search
for physics beyond the Standard Model. The present limits on subatomic EDMs is given in
Table 2.2.3.

Table 2.2: EDM Limits for various systems
Particle | EDM Limit | SM value
(e-cm) (e-cm)
p [33] 7.9x 107%
n [34] 29x 10726 | ~ 10732
Y9Hg [33] | 3.1 x 1072 | ~ 107
e” [35] | 1.05x107%" | <107%
 [36] 1.8x 1071 | < 10738

2.3 Quick Summary of the Experimental Teachnique

Polarized muons are produced (see Chapter 7) and injected into the storage ring (see Chap-
ter 13). The magnetic field is a dipole field, shimmed to ppm level uniformity. Vertical
focusing is provided by electrostatic quadrupoles (see Chapter 14).

Two frequencies are measured experimentally: The rate at which the muon polarization
turns relative to the momentum, called w,, and the value of the magnetic field normalized
to the Larmor frequency of a free proton, w,.

The rate at which the spin? turns relative to the momentum, &, = &g — J¢, where S and
C stand for spin and cyclotron. These two frequencies are given by

ws = —g;’?TZB —(1- 'y)f:lB; (2.6)
vo = B (2.7
Wy, = Wg—wg=— (g;2> Ci:B = —acijB (2.8)

(where e > 0 and @ = £1). There are two important features of w,: (i) It only depends on
the anomaly rather than on the full magnetic moment; (ii) It depends linearly on the applied
magnetic field. In the presence of an electric field w, is modified

2 — —
= m x FE
a,B + (% — <> ) B
P c
If operated at the “magic” momentum pp.g. = m/\/a, ~ 3.09 GeV/c the electric field
contribution cancels in first order, and requires a small correction in second order.

. Qe

m

(2.9)

2The term ‘spin’ is often used in place of the more accurate term ‘polarization’
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The magnetic field is weighted by the muon distribution, and also averaged over the
running time weighed by the number of stored muons to determine the value of w, which
is combined with the average w, to determine a,. The reason for the use of these two
frequencies, rather than B measured in tesla can be understood from Eq. 2.9. To obtain a,,
from this relationship requires precise knowledge of the muon charge to mass ratio.

To determine a, from the two frequencies w, and w,, we use the relationship

Wwafwp, R
A+—wa/wp N >\+_R’

a, = (2.10)

where the ratio Ay = p,+/p, = 3.183345137(85) is the muon-to-proton magnetic mo-
ment ratio [41] measured from muonium (the p*e™ atom) hyperfine structure[43] (see Sec-
tion 16.1.1 for futher details). Of course, to use Ay to determine a,- requires the assumption
of CPT invariance, viz. (a,+ = a,-; Ay = A_). The comparison of R,+ with R,- provides
a CPT test. In E821

AR =R, —Ry+ = (3.6 £3.7) x 107° (2.11)

2.4 Results from E821

2.4.1 Measurement of a,

The E821 Collaboration working at the Brookhaven Laboratory AGS used an electric quadrupole

field to provide vertical focusing in the storage ring, and shimmed the magnetic field to £1
ppm uniformity on average. The storage ring was operated at the “magic” momentum,
Prmagic = 3.094 GeV/¢, (Ymagic = 29.3), such that a, = (m/p)? and the electric field did not
contribute to w,.®> The result is [38, 39)

a; ! = 116 592 089(54) stat (33) syst (63 )10t x 107" (£0.54 ppm). (2.12)
The results from E821 are shown in Fig. 2.1 along with the Standard-Model value which is
discussed below in Section 2.5

2.5 The Standard-Model Value of g,

In this section we present the standard model (SM) theory of the muon anomalous magnetic
moment (anomaly). In the following section we discuss physics beyond the standard model
(BSM) that could contribute to the anomaly at a measurable level. The conclusion is that
muon (g — 2) will play a powerful role in the interpretation of new phenomena that might
be discovered at the LHC. If new phenomena are not discovered there, then muon (g — 2)
becomes even more important, since it would provide one of the few remaining ways to search
for new physics at the TeV scale.

3The magic momentum was first employed by the third CERN collaboration [27].
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Figure 2.1: Measurements of a, from CERN and BNL E821. The vertical band is the SM
value using the hadronic contribution from Ref. [47] (see Table 2.3).

2.5.1 Introduction

The magnetic moment of the muon (or electron), which is aligned with its spin, is given by

fi=g

2mu,es, u(l +au); (2.13)
Dirac

where the quantity ¢ is exactly 2 in the Dirac theory, () = £1 with e a positive number.
The small number a, the anomaly, arises from quantum fluctuations, with the largest con-
tribution coming from the single loop diagram in Fig. 2.2(a). This contribution was first
calculated by Schwinger [14], who obtained a = («/27) = 0.00116---. These calculations
have been extended to higher powers in /7, with the fourth- (a/7)? and sixth-order (a/m)?
contributions having been carried out analytically.

The electron anomaly is relatively insensitive to heavier physics, so in principle the
0.03 ppb measurement of the electron anomaly [68] should provide a test of QED, but the
0.6 ppb precision of the independent measurement of « limits this comparison. Alternately,
one can accept that QED is valid and use the electron anomaly to determine the most precise
measurement of « [69].

The muon anomaly is an entirely different case. The relative contribution to the muon
anomaly of heavier virtual particles goes as (m,,/m.)?* ~ 43000, so with much less precision
when compared with the electron, the muon anomaly is sensitive to mass scales in the
several hundred GeV region. This not only includes the expected contribution of the W and
Z bosons, but perhaps contributions from new, as yet undiscovered, particles such as the
supersymmetric partners of the electro-weak gauge bosons (see Fig. 2.2(c)).
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Y eV
(a) (b) (©)

Figure 2.2: The Feynman graphs for: (a) The lowest-order (Schwinger) contribution to the
lepton anomaly ; (b) The vacuum polarization contribution, which is one of five fourth-order,
(a/7)?, terms; (c) The schematic contribution of new particles X and Y that couple to the
muon.

The standard-model value of a, has three contributions from radiative processes: QED
loops containing leptons (e, i, 7) and photons; loops containing hadrons in vacuum polariza-
tion loops where the ete™ pair in Fig 2.2(b) is replaced by hadrons; and weak loops involving
the weak gauge bosons W, Z, and Higgs such as is shown in Fig. 2.2(c) where X = W and
Y=v,or X =pand Y = Z. Thus

SM __ _QED hadronic weak
a, =a;" +a; + ay . (2.14)

The QED and weak contributions to the muon anomaly are now well understood at the level
needed for the comparison of Standard-Model theory with experiment.

The hadronic contribution must be determined from a dispersion relation using experimental

data, namely the cross sections for electron-positron annihilation to hadrons. The determi-
nation of this contribution represents a worldwide effort which was driven primarily by the
existence of BNL experiment E821. The possibility of a new Fermilab experiment has already
stimulated further work that will increase as E989 comes on-line.

2.5.2 QED Contribution

The QED contribution to a, is well understood. Recently the four-loop QED contribution
has been updated and the full five-loop contribution has been calculated [67]. The present
QED value is

a " =116 584 718.951 (0.009)(0.019)(0.007)(.077) x 10~ (2.15)

where the uncertainties are from the lepton mass ratios, the eight-order term, the tenth-
order term, and the value of a taken from the 8"Rb atom a~!(Rb) = 137.035999 049(90)
[0.66 ppb]. [70].
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2.5.3 Weak contributions

The electroweak contribution (shown in Fig. 2.3) is now calculated through two loops [50,
51, 52, 53, 56]. The single loop result

1 5)
+ 5(1—4 Sin2 9[}[/)2 — g

2
APV Grmy E

1 /9’2
V28| 3,
w z
m? M2\ m? 1 222(2 —
+ (’)( 5 log QZ>+ g/d:vw
H

= 1948 x 1071, (2.16)

was calculated by five separate groups shortly after the Glashow-Salam-Weinberg theory was
shown by 't Hooft to be renormalizable. With the present limit on the Higgs boson mass,
only the W and Z contribute to the lowest-order electroweak at a measurable level.

Figure 2.3: Weak contributions to the muon anomalous magnetic moment. Single-loop
contributions from (a) virtual W and (b) virtual Z gauge bosons. These two contributions
enter with opposite sign, and there is a partial cancellation. The two-loop contributions fall
into three categories: (c) fermionic loops which involve the coupling of the gauge bosons to
quarks, (d) bosonic loops which appear as corrections to the one-loop diagrams, and (e) a
new class of diagrams involving the Higgs where G is the longitudinal component of the gauge

bosons. See Ref. [54] for details. The x indicates the virtual photon from the magnetic
field.

The two-loop electroweak contribution® (see Figs. 2.3(c-e) for examples) is negative, and
the total electroweak contribution is [76]

a;" = 154(1) x 107" (2.17)

where the error comes from hadronic effects in the second-order electroweak diagrams with
quark triangle loops. mass [52, 51, 50, 17, 55]. The leading logs for the next-order term have
been shown to be small [56]. The weak contribution is about 1.3 ppm of the anomaly, so
the experimental uncertainty on a,, of £0.54 ppm now probes the weak scale of the standard
model.

4We update this contribution by +1 x 107! using the LHC value of the Higgs mass [55].
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Hadronic contribution

The hadronic contribution to a, is about 60 ppm of the total value. The lowest-order diagram
shown in Fig. 2.4(a) dominates this contribution and its error, but the hadronic light-by-light
contribution Fig. 2.4(e) is also important. We discuss both of these contributions below.

Y
Y v b b
/u@ A /%éh\ /u \ §
e H
m
(a) (b) (e) (d) (e)

Figure 2.4: The hadronic contribution to the muon anomaly, where the dominant contribu-
tion comes from the lowest-order diagram (a). The hadronic light-by-light contribution is
shown in (e).

The energy scale for the virtual hadrons is of order m,c?, well below the perturbative
region of QCD. Thus it must be calculated from the dispersion relation shown pictorially in
Fig. 2.5,

. 2 roo ( o Te~ had
a}jad’Lo _ (amu) / —SK(S)R(S), where R = Oy, t(e e~ — ha ronS) : (2.18)
’ 3 ym2 52 olete — ptp~)

using the measured cross sections for e"e~ — hadrons as input, where K (s) is a kinematic
factor ranging from 0.63 at s = 4m?2 to 1 at s = co. This dispersion relation relates the
bare cross section for eTe™ annihilation into hadrons to the hadronic vacuum polarization
contribution to a,. Because the integrand contains a factor of s72, the values of R(s) at low
energies (the p resonance) dominate the determination of a/}jad?Lo, however at the level of
precision needed, the data up to 2 GeV are very important. This is shown in Fig. 2.6, where
the left-hand chart gives the relative contribution to the integral for the different energy
regions, and the right-hand gives the contribution to the error squared on the integral. The
contribution is dominated by the two-pion final state, but other low-energy multi-hadron
cross sections are also important.

v Th Tisr

() (b) O

Figure 2.5: (a) The “cut” hadronic vacuum polarization diagram; (b) The eTe™ annihilation
into hadrons; (c) Initial state radiation accompanied by the production of hadrons.
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had,LO VP
aua

1.4 09

Figure 2.6: Contributions to the dispersion integral, and to the error on the dispersion
integral. Taken from Hagirawa, et al., [48]

These data for ete™ annihilation to hadrons are also important as input into the deter-
mination of as(Mz) and other electroweak precision measurements, including the limit on
the Higgs mass [72].

In the 1980s when E821 was being proposed at Brookhaven, the hadronic contribution was
know to about 10 ppm. It now is known to about 0.4 ppm. This improvement has come from
the hard work of many experimental and theoretical physicists. The low energy ete™ data
of the 80s have been replaced by very precise data from the CMD2 and SND collaborations
in Novosibirsk, the KLOE collaboration at Frascati, and the BaBar collaboration at SLAC.
The new VEPP-2000 collider in Novosibirsk has been operational for several years, with two
upgraded detectors, CMD-3 and SND-2000. This new facility will permit both energy scans,
and the use of initial-state radiation to measure cross sections up to 2.0 GeV. Additional
data on multi-hadron final states are expected from the Belle detector at KEK and BES-III
at BEPC.

In addition to the collider experiments, significant theoretical work has been carried out
in generating the radiator functions used in the initial-state radiation (ISR) experiments, as
KLOE and BaBar [82, 83|, as well as on the hadronic light-by-light contribution shown in
Fig. 2.4(e).

The worldwide effort to improve our knowledge of the hadronic contribution continues
to this day [91, 92]. The most recent mr-final state measurements were reported by the
BaBar [84] and KLOE [87, 88] collaborations. An independent analysis of KLOE data using
the direct measurement of o(ete™ — ntn~)/o(ete” — ptp™), which agreed well with their
previous analysis using the luminosity measurement and QED calculations, has been recently
published [93].

Muon (g — 2), and the determination of the hadronic contribution continues to feature
prominently in the international workshops Tau [85] and PHIPSI [86], where sessions were
devoted to all issues around muon (g —2). We emphasize that while this is a difficult subject,
progress will continue to be made as E989 progreses at Fermilab.
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Lowest- and next-lowest-order hadronic contribution

The cross sections at low energies dominate the dispersion relation, and until recently the
low-energy electron-positron storage rings in Novosibirsk and Frascati provided the bulk of
the new measurements. The Novosibirsk experiments CMD2 (cryogenic magnetic detector)
and SND (spherical neutral detector) collected data up to 1.4 GeV using the traditional
ete” energy scan. The KLOE experiment ran at a fixed energy around 1 GeV, either on
the ¢-resonance or just below it, using initial-state radiation to lower the collision energy
and provide the full energy range in a single measurement (see Fig. 2.5(c)). The BaBar
experiment also used the ISR technique, but operated at a much higher energy at or near
the Y(4s), which easily permitted observation of the ISR photon. At Tau2012 the Belle
experiment reported new results on the 777~ 7% final state [90] using ISR data. The ISR
(sometimes called “radiative return”) technique is possible because of the development of
the necessary theory [82, 83|, which provides the effective virtual photon spectrum, called
the “radiator function.”

While the KLOE experiment was limited to the 7wy channel, the higher energy of the
PEP-2 collider permitted BaBar to detect the ISR photon and to measure many multiple
hadron final states along with the 77y final state, thus providing important data from
channels which were either very imprecise, or simply not available before. The first 77~
data from BaBar were released in August 2009 [84], and covered the energy range from
threshold to 3 GeV. Unlike the other experiments that used a calculated ppu cross section for
the denominator in Eq. (2.18), the BaBar experiment measured the pu production directly
and took the ratio of experimental numbers to determine R(s) directly.

Published ete™ — w7~ cross sections from the BaBar, KLOE, CMD2 and SND experi-
ments are shown in Fig. 2.7. The KLOE re-analysis of their small-angle data using the ratio
of the w7 pp cross sections, compared large-angle data[88], and are displayed in Fig. 2.8 as
the pion form factor |F,|?, which is related to the cross section by

2
yiye?
Oete— sqtp— = ¥62|Fﬂ—|2 (2]_9)

They were analyzed by a different group of collaborators who worked independently from
those involved in the the KLOEO8 [87] analysis.
Two recent analyses [47, 48] of the eTe™ hadroproduction data obtained:

aR o = 6923 +£42x 107" (2.20)
aP O — 6949 443 x 1071 2.21
7

Important earlier global analyses include those of HMNT [73], Davier, et al., [74], Jegerlehner [75].

The most recent evaluation of the next-order hadronic contribution shown in Fig. 2.4(b-d)
can also be determined from a dispersion relation, and the result is [4§]

atINLO — (08,4 + 0.60,p 4 0.4,q ) x 1071 (2.22)

“w

ap*¥tO from hadronic 7 decay

The value of azad?LO from threshold up to m., could in principle be obtained from hadronic
7~ decays (See Fig. 2.5.3), provided that the necessary isospin corrections are known. This
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Figure 2.7: The mm cross section from BaBar, CMD2, KLOE and SND. The lower left-hand
figure shows the threshold region, the right-hand figure shows a blowup of the p resonance
region. The sharp cusp comes from p — w interference.

was first demonstrated by Almany, Davier and Hocker [77]. In the absence of second-class
currents, hadronic 7 decays to an even number of pions such as 7= — 7~ 7%/, goes through
the vector part of the weak current, and can be related to ete™ annihilation into 77~
through the CVC hypothesis and isospin conservation (see Fig. 2.5.3) [77, 81]. The 7-data
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Figure 2.8: The pion form factor |F,|? from KLOE2010 [88] and the re-analysis of the 2008
data [87] using the cross-section ratio described above [89]. The right-hand side shows the
fractional difference between the two analyses.

et

(a) (b)

Figure 2.9: e*e™ annihilation into hadrons (a), and hadronic 7 decay (b).

only contain an isovector piece, and the isoscalar piece present in e™e™ annihilation has to be
put in “by hand” to evaluate agad;LO. Until recently there were 3.5 to 4.5 standard deviation
differences when e*e~ data and the CVC hypothesis were used to determine the 7= — v.7 7
or 7~ — v.2n~ 7 7¥ branching fractions, when compared with the experimental values. Thus
until recently most authors [48, 76, 75] concluded that there are unresolved issues, most likely
incorrect isospin breaking corrections, that make it difficult to use the 7 data on an equal
footing with the ete™ data. New isospin corrections reduced the disagreement between the
two methods [47]. However, none of the analyses using tau data have tried to combine
the CVC determined part with that obtained from ete™ data. Were this to be done, the
addition of the eTe™ data would decrease the overall tau-based evaluation of to a’/j“d. Even
so, the tau-based evaluation has to use eTe~ data to determine the isoscalar part, so that
the tau-based evaluation by Davier, et al., [47] can never be completely independent of the
ete™ data.

More recently, Jegerlehner and Szafron [78] appear to have resolved this problem by
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calculating the correction from p — v mixing, which had not been included correctly in the
previous evaluations. A subsequent hidden local symmetry calculation [79, 80] further refines
these ideas and includes the 7-data in a combined analysis. They conclude that their analysis
yields a 4.7 to 4.9 o difference with the Standard Model.

We should note that the theoretical uncertainties on the dispersion relation in Eq. (2.18),
which assumes analyticity and the optical theorem, are negligible. The cross section that
enters in Eq. (2.18) is the bare cross section, and some of the early experiments were not so
careful in their reporting the data and being clear on what, if any radiative corrections were
applied. All of the modern experiments are well aware of these issues, and their reported
errors include any uncertainties introduced in determining the bare cross section.

Hadronic light-by-light contribution

The hadronic light-by-light contribution, (Fig. 2.4(e)) cannot at present be determined from
data, but rather must be calculated using hadronic models that correctly reproduce the
properties of QCD. A number of authors have calculated portions of this contribution, and
a synthesis of all contributions has become available from Prades, de Rafael and Vain-
shtein [58]°, which has been agreed to by authors from each of the leading groups that were
working in this field. They obtained

alf™Pl = (105 4 26) x 107, (2.23)

“w

Additional work on this contribution is underway on a number of fronts, including on the
lattice. A workshop was held in March 2011 at the Institute for Nuclear Theory in Seattle [59]
which brought together almost all of the interested experts.

One important point should be made here. The main physics of the hadronic light-by-
light scattering contribution is well understood. In fact, but for the sign error unraveled
in 2002, the theoretical predictions for aELbL have been relatively stable for more than ten
years.

There is one newer calculation, which used a Dyson-Schwinger approach, that appeared
to strongly disagree with all of the other model calculations of the hadronic-light-by-light
contribution. However, recently these authors found several sign mistakes that change their
result, moving it closer to other calculations, and have published an erratum [63].

At Tau2012, Blum reported that the lattice calculation of the hadronic-light-by-light
contribution had started to see a signal [65]. “Signal may be emerging in the model ballpark”.
Blum also had encouraging words about the precision that the lattice might reach on the
lowest-order hadronic contribution.

In addition to the theoretical work on the HLbL, a new facility is being commissioned
at DA¢NE which will provide tagged virtual photons for y*4* physics. Both high- and
low-energy taggers are being constructed on both sides of the interaction region to detect
and measure the scattered electron and positron. Thus a coincidence between the scat-
tered electrons and a 7 would provide information on v*y* — 7% etc. [62], and will pro-
vide experimental constraints on the models used to calculate the hadronic light-by-light
contribution[94].

5This compilation is generally referred to as the “Glasgow Consensus” since it grew out of a workshop in
Glasgow in 2007.
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2.5.4 Summary of the Standard-Model Value and Comparison
with Experiment

We determine the SM value using the new QED calculation from Aoyama [67]; the elec-
troweak from Ref. [76], the hadronic light-by-light contribution from the “Glasgow Consen-
sus” [58]; and lowest-order hadronic contribution from Davier, et al., [47], or Hagawara et
al., [48], and the higher-order hadronic from Ref. [48] A summary of these values is given in
Table 2.3.

Table 2.3: Summary of the Standard-Model contributions to the muon anomaly. Two val-
ues are quoted because of the two recent evaluations of the lowest-order hadronic vacuum
polarization.

VALUE (x 10~11) uniTs
QED (v+4¢) 116584718.951 4+ 0.009 4+ 0.019 4+ 0.007 + 0.077,,

HVP(lo) [47] 6923 + 42
HVP(lo) [48] 6949 + 43
HVP (ho) [48] —98.440.7
HLbL 105 + 26
EW 154 + 1
Total SM [47] 116591802 %+ 4241 10 + 261110 £ 2ommer (£49,0,)
Total SM [48] 116591829 + 4341 16 =+ 2651110 £ 2oiner (£45,0,)

This SM value is to be compared with the combined a; and a; values from E821 [6]
corrected for the revised value of A as mentioned above:

al¥ = (116592089 £ 63) x 107 (0.54 ppm), (2.24)

o

which give a difference of

Aa,(E821 —SM) = (286 £80) x 10" [47] (2.25)
= (260 £ 78) x 107! [48] (2.26)

depending on which evaluation of the lowest-order hadronic contribution that is used [47, 48].
This comparison between the experimental values and the present Standard-Model value is
shown graphically in Fig. 2.1.

This difference of 3.3 to 3.6 standard deviations is tantalizing, but we emphasize that
whatever the final agreement between the measured and SM value turns out to be, it will
have significant implications on the interpretation of new phenomena that might be found
at the LHC and elsewhere. This point is discussed in detail below.

The present theoretical error is dominated by the uncertainty on the lowest-order hadronic
contribution and uncertainty on the hadronic light-by-light contribution (see Table 2.3). The
lowest-order hadronic contribution could be reduced to 25 x 107! based on the analysis
of existing data and on the data sets expected from future efforts, e.g. VEPP-2000 in
Novosibirsk, BES-III and a possible upgrade in energy of DA®NE [92]. When combined
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with future theoretical progress on the hadronic light-by-light contribution, the total SM
error could reach 30 x 1071

With the proposed experimental error of £16 x 107!, the combined uncertainty for the
difference between theory and experiment could be as small as £34 x 107!, which is to be
compared with the +81 x 107" in Eq. (2.26).

2.5.5 Expected Improvements in the Standard-Model Value

Much experimental and theoretical work is going on worldwide to refine the hadronic contri-
bution. The theory of (g — 2), relevant experiments to determine the hadronic contribution,
including work on the lattice, have featured prominently in the series of tau-lepton workshops
and PHIPSI workshops which are held in alternate years.

Over the development period of our new experiment, we expect further improvements in
the SM-theory evaluation. This projection is based on the following developments and facts:

e Novosibirsk: The VEPP2M machine has been upgraded to VEPP-2000. The max-
imum energy has been increased from /s = 1.4 GeV to 2.0 GeV. Additionally, the
SND detector has been upgraded and the CMD2 detector was replaced by the much-
improved CMD3 detector. The cross section will be measured from threshold to
2.0 GeV using an energy scan, filling in the energy region between 1.4 GeV, where
the previous scan ended, up to 2.0 GeV, the lowest energy point reached by the BES
collaboration in their measurements. See Fig. 2.6 for the present contribution to the
overall error from this region. Engineering runs began in 2009, and data collection
started in 2011. So far two independent energy scans between 1.0 and 2.0 GeV were
performed in 2011 and 2012. The peak luminosity of 3 x 10*'em 257! was achieved,
which is limited by the positron production rate. The new injection facility, sched-
uled to be commissioned during the 2013-2014 upgrade, should permit the luminosity
to reach 102cm=2s~! . Data collection had resumed by the end of 2012 with new
energy scan at energies below 1.0 GeV. The goal of experiments at VEPP-2000 is to
achieve a systematic error 0.3-0.5% in 77~ channel with negligble statistical error
in the integral. The high statistics, expected at VEPP-2000, should allow a detailed
comparison of the measured cross-sections with ISR results at BaBar and DA¢NE.
After the upgrade, experiments at VEPP-2000 plan to take a large amount of data at
1.8-2 GeV, around NN threshold. This will permit ISR data with the beam energy
of 2 GeV, which is between the PEP2 energy at the T (4s) and the 1 GeV ¢ energy
at the DAYNE facility in Frascati. The dual ISR and scan approach will provide an
important cross check on the two central methods to determine HVP.

e KLOE: The KLOE collaboration has just reported the analysis of their 2008 data set
using the experimental ratio 77 /uu final states, rather than the luminosity to get the
cross sections [93]. In the future, they will begin the program of two-photon physics will
be ramping up, which will provide experimental input to the hadronic light-by-light
theory.

e BaBar:A significant amount of new data exists from BaBar, which can be used to
provide another ISR measurement from threshold to 3 GeV. It is not at all clear that
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the Collaboration will be able to take on the analysis challenge.

e Belle: Some work on ISR measurements of R(s) is going on in multi-hadron channels.
These studies will complement those completed at BaBar and provide an important
check.

e BES-III: BES-III can perform a direct measurement of R above 2 GeV with an energy
scan. It can use ISR to access the region below it.

e Calculations on the Lattice for Lowest-Order HVP: With the increased com-
puter power available for lattice calculations, it may be possible for lattice calculations
to contribute to our knowledge of the lowest-order hadronic contribution. Blum and his
collaborators are continuing to work on the lowest-order contribution, Several groups,
UKQCD (Edinburg), DESY-Zeuthen (Renner and Jansen), and the LSD (lattice strong
dynamics) group in the US are all working on the lowest-order contribution.

e Calculations on the Lattice of Hadronic Light-by-Light: The hadronic light-
by-light contribution has a magnitude of (105 =+ 26) x 10~*, ~ 1 ppm of a,. A modest
calculation on the lattice would have a large impact. Blum and his collaborators at
BNL, RIKEN and Nagoya are working on HLbL, and are beginning to see a signal.
See the recent whitepapers [66].

2.6 Physics Beyond the Standard Model

For many years, the muon anomaly has played an important role in constraining physics
beyond the SM [45, 46, 76, 99, 100]. The more than 2000 citations to the major E821
papers [6, 5, 22, 21], demonstrates that this role continues. The citations are shown as a
function of year in Fig. 2.10. It is apparent that with the LHC results available in 2012,
interest in the BNL results has risen significantly. As discussed in the previous section, the
present SM value is smaller than the experimental value by Aa,(E821 — SM). The discrep-
ancy depends on the SM evaluation, but it is generally in the > 30 region; a representative
value is (286 + 80) x 1071, see Eq. (2.26).

In this section, we discuss how the muon anomaly provides a unique window to search
for physics beyond the standard model. If such new physics is discovered elsewhere, e.g.
at the LHC, then a, will play an important role in sorting out the interpretation of those
discoveries. We discuss examples of constraints placed on various models that have been
proposed as extensions of the standard model. Perhaps the ultimate value of an improved
limit on a, will come from its ability to constrain the models that have not yet been invented.

Varieties of physics beyond the Standard Model

The LHC era has had its first spectacular success in summer 2012 with the discovery of a
new particle compatible with the standard model Higgs boson. With more data, the LHC
experiments will continue to shed more light on the nature of electroweak symmetry breaking
(EWSB). It is very likely that EWSB is related to new particles, new interactions, or maybe
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E821 Citations
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Figure 2.10: Citations by year to the K821 papers reporting physics results as of July 2012:
light blue [19] plus [20]; green [21]; red [22]; blue [5]; and yellow the Physical Review arti-
cle [6].

to new concepts such as supersymmetry, extra dimensions, or compositeness. Further open
questions in particle physics, related e.g. to the nature of dark matter, the origin of flavor or
grand unification, indicate that at or even below the TeV scale there could be rich physics
beyond the standard model.

Unravelling the existence and the properties of such new physics requires experimen-
tal information complementary to the LHC. The muon (g — 2), together with searches for
charged lepton flavor violation, electric dipole moments, and rare decays, belongs to a class
of complementary low-energy experiments.

In fact, the muon magnetic moment has a special role because it is sensitive to a large
class of models related and unrelated to EWSB and because it combines several properties
in a unique way: it is a flavour- and CP-conserving, chirality-flipping and loop-induced
quantity. In contrast, many high-energy collider observables at the LHC and a future linear
collider are chirality-conserving, and many other low-energy precision observables are CP-
or flavour-violating. These unique properties might be the reason why the muon (g — 2)
is the only among the mentioned observables which shows a significant deviation between
the experimental value and the SM prediction, see Eq. (2.26). Furthermore, while g—2 is
sensitive to leptonic couplings, b- or K-physics more naturally probe the hadronic couplings
of new physics. If charged lepton-flavor violation exists, observables such as 1 — e conversion
can only determine a combination of the strength of lepton-flavor violation and the mass
scale of new physics. In that case, g—2 can help to disentangle the nature of the new physics.

The role of g—2 as a discriminator between very different standard model extensions is
well illustrated by a relation stressed by Czarnecki and Marciano [46]. It holds in a wide
range of models as a result of the chirality-flipping nature of both g—2 and the muon mass:
If a new physics model with a mass scale A contributes to the muon mass dm,(N.P.), it also
contributes to a,, and the two contributions are related as

a,(N.P.) = O(1) x (m“)Q x <W> . (2.27)

A my,
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The ratio C(N.P.) = om,(N.P.)/m, cannot be larger than unity unless there is fine-
tuning in the muon mass. Hence a first consequence of this relation is that new physics can
explain the currently observed deviation (2.26) only if A is at the few-TeV scale or smaller.

In many models, the ratio C' arises from one- or even two-loop diagrams, and is then
suppressed by factors like a/47 or (a/4m)?. Hence, even for a given A, the contributions to
a, are highly model dependent.

It is instructive to classify new physics models as follows:

e Models with C'(N.P.) ~ 1: Such models are of interest since the muon mass is essen-
tially generated by radiative effects at some scale A. A variety of such models have
been discussed in [46], including extended technicolor or generic models with naturally
vanishing bare muon mass. For examples of radiative muon mass generation within
supersymmetry, see e.g. [101, 102]. In these models the new physics contribution to a,
can be very large,

1Tev>2
A .

and the difference Eq. (2.26) can be used to place a lower limit on the new physics
mass scale, which is in the few TeV range [103, 102].

2
L~ 1100 x 1071 ( (2.28)

e Models with C'(N.P.) = O(a/4m): Such a loop suppression happens in many models
with new weakly interacting particles like Z' or W”, little Higgs or certain extra di-
mension models. As examples, the contributions to a, in a model with § = 1 (or 2)
universal extra dimensions (UED) [104] and the Littlest Higgs model with T-parity
(LHT) [105] are given by

a,(UED) =~ —5.8x 107"(1 + 1.26)Skk, (2.29)
a,(LHT) < 12x 107" (2.30)

with |Skk|S1 [104]. A difference as large as Eq. (2.26) is very hard to accommodate
unless the mass scale is very small, of the order of Mz, which however is often excluded
e.g. by LEP measurements. So typically these models predict very small contributions
to a, and will be disfavored if the current deviation will be confirmed by the new a,
measurement.

Exceptions are provided by models where new particles interact with muons but are
otherwise hidden from searches. An example is the model with a new gauge boson
associated to a gauged lepton number L, — L. [106], where a gauge boson mass of
O(100 GeV) and large a, are viable.

e Models with intermediate values for C'(N.P.) and mass scales around the weak scale:
In such models, contributions to a, could be as large as Eq. (2.26) or even larger,
or smaller, depending on the details of the model. This implies that a more precise
a,-measurement will have significant impact on such models and can even be used
to measure model parameters. Supersymmetric (SUSY) models are the best known
examples, so muon g—2 would have substantial sensitivity to SUSY particles. Com-
pared to generic perturbative models, supersymmetry provides an enhancement to
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C(SUSY) = O(tanf x a/4m) and to a,(SUSY) by a factor tan 3 (the ratio of the
vacuum expectation values of the two Higgs fields). Typical SUSY diagrams for the
magnetic dipole moment, the electric dipole moment, and the lepton-number violating
conversion process 1 — e in the field of a nucleus are shown pictorially in Fig. 2.11.
The shown diagrams contain the SUSY partners of the muon, electron and the SM
U(1)y gauge boson, fi, é, B. The full SUSY contributions involve also the SUSY part-
ners to the neutrinos and all SM gauge and Higgs bosons. In a model with SUSY
masses equal to A the SUSY contribution to a, is given by [46]

100 GeV>2

a,(SUSY) =~ sgn () 130 x 107" tan 3 ( n

(2.31)
which indicates the dependence on tan 5, and the SUSY mass scale, as well as the sign
of the SUSY pu-parameter. The formula still approximately applies even if only the
smuon and chargino masses are of the order A but e.g. squarks and gluinos are much
heavier. However the SUSY contributions to a, depend strongly on the details of mass
splittings between the weakly interacting SUSY particles. Thus muon g—2 is sensitive
to SUSY models with SUSY masses in the few hundred GeV range, and it will help to
measure SUSY parameters.

There are also non-supersymmetric models with similar enhancements. For instance,
lepton flavor mixing can help. An example is provided in Ref. [107] by a model with
two Higgs doublets and four generations, which can accommodate large Aa, without
violating constraints on lepton flavor violation. In variants of Randall-Sundrum models
[108, 109, 110] and large extra dimension models [111], large contributions to a,, might
be possible from exchange of Kaluza-Klein gravitons, but the theoretical evaluation
is difficult because of cutoff dependences. A recent evaluation of the non-graviton
contributions in Randall-Sundrum models, however, obtained a very small result [112].

Further examples include scenarios of unparticle physics [113, 114] (here a more pre-
cise a,-measurement would constrain the unparticle scale dimension and effective cou-
plings), generic models with a hidden sector at the weak scale [115] or a model with
the discrete flavor symmetry group 7" and Higgs triplets [116] (here a more precise
a,-measurement would constrain hidden sector/Higgs triplet masses and couplings),
or the model proposed in Ref. [117], which implements the idea that neutrino masses,
leptogenesis and the deviation in a, all originate from dark matter particles. In the
latter model, new leptons and scalar particles are predicted, and a, provides significant
constraints on the masses and Yukawa couplings of the new particles.

The following types of new physics scenarios are quite different from the ones above:

e Models with extended Higgs sector but without the tan S-enhancement of SUSY mod-

els. Among these models are the usual two-Higgs-doublet models. The one-loop con-
tribution of the extra Higgs states to a, is suppressed by two additional powers of
the muon Yukawa coupling, corresponding to a, (N.P.) oc m,/A* at the one-loop level.
Two-loop effects from Barr-Zee diagrams can be larger [118], but typically the contri-
butions to a, are negligible in these models.
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Figure 2.11: The SUSY contributions to the anomaly, and to u — e conversion, showing the
relevant slepton mixing matrix elements. The MDM and EDM give the real and imaginary
parts of the matrix element, respectively. The x indicates a chirality flip.

e Models with additional light particles with masses below the GeV-scale, generically
called dark sector models: Examples are provided by the models of Refs. [119, 120],
where additional light neutral gauge bosons can affect electromagnetic interactions.
Such models are intriguing since they completely decouple g—2 from the physics of
EWSB, and since they are hidden from collider searches at LEP or LHC (see however
Refs. [121, 122] for studies of possible effects at dedicated low-energy colliders and in
Higgs decays at the LHC). They can lead to contributions to a, which are of the same
order as the deviation in Eq. (2.26). Hence the new g—2 measurement will provide an
important test of such models.

To summarize: many well-motivated models can accommodate larger contributions to a,
— if any of these are realized g—2 can be used to constrain model parameters; many well-
motivated new physics models give tiny contributions to a, and would be disfavored if the
more precise g—2 measurement confirms the deviation in Eq. (2.26). There are also examples
of models which lead to similar LHC signatures but which can be distinguished using g—2.

In the following it is discussed in more detail how a, will be useful in understanding
TeV-scale physics in the event that the LHC established the existence of physics beyond the
standard model [99].

a, and supersymmetry

We first focus on the case of supersymmetry, which provides a particularly well-defined and
calculable framework. We illustrate the sensitivity of g—2 to the SUSY parameters and the
complementarity to LHC measurements.

As discussed above, supersymmetry with tan 5 up to 50 and masses in the 100-700 GeV
range can easily explain the currently observed deviation (2.26). Now the SUSY contributions
are discussed in more detail. At the one-loop level, the diagrams of the minimal supersym-
metric standard model (MSSM) involve the SUSY partners the gauge and Higgs bosons and
the muon-neutrino and the muon, the so-called charginos, neutralinos and sneutrinos and
smuons. The relevant parameters are thus the SUSY breaking mass parameters for the 2nd
generation sleptons, the bino and wino masses My, M;, and the Higgsino mass parameter p.
Strongly interacting particles, squarks and gluinos, and their masses are irrelevant on this
level.
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If all the relevant mass parameters are equal, the approximation (2.31) is valid, and the
dominant contribution is from the chargino—sneutrino diagrams. If p is very large, the bino-
like neutralino contribution of Fig. 2.11 is approximately linear in x4 and can dominate. If
there is a large mass splitting between the left- and right-handed smuon, even the sign can
be opposite to Eq. (2.31), see the discussions in [123, 124].

As a result, a,(SUSY) depends not only on the overall SUSY masses but on the indi-
vidual values of the parameters M;, M, and pu. Exchanging these parameters can leave the
spectrum of SUSY particle masses unchanged but will have an effect on aiUSY. It is shown
later that this will help to disentangle different possible interpretations of LHC data.

On the two-loop level, further contributions exist which are typically subleading but can
become important in regions of parameter space. For instance, there are diagrams without
smuons or sneutrinos but with e.g. a pure chargino or stop loop [125]. Such diagrams can
even be dominant if first and second generation sfermions are very heavy, a scenario called
effective SUSY [126].

To date, the LHC experiments have not found indications for SUSY particles but only
for a Higgs-like particle with mass around 126 GeV. This leads to the following conclusions:

o If supersymmetry is the origin of the deviation in a,, at least some SUSY particles
cannot be much heavier than around 700 GeV (for tan 8 = 50 or less), most favorably
the smuons and charginos/neutralinos.

e The negative results of the LHC searches for SUSY particles imply lower limits of
around 1 TeV on squark and gluino masses. However, the bounds are not model-
independent but valid in scenarios with particular squark and gluino decay patterns.

e The constraint that a SM-like Higgs boson mass is around 126 GeV requires either very
large loop corrections from large logarithms or non-minimal tree-level contributions
from additional non-minimal particle content.

e The requirement of small fine-tuning between supersymmetry-breaking parameters and
the Z-boson mass prefers certain particles, in particular stops, gluinos and Higgsinos
to be rather light.

A tension between these constraints seems to be building up, but the constraints act on
different aspects of SUSY models. Hence it is in principle no problem to accommodate all
the experimental data in the general minimal supersymmetric standard model, for recent
analyses see Refs. [127, 128].

The situation is different in many specific scenarios, based e.g. on particular high-scale
assumptions or constructed to solve a subset of the issues mentioned above. We will briefly
review five such cases which exemplify the range of possibilities.

The Constrained MSSM (CMSSM) is one of the best known scenarios. Here, GUT-
scale universality relates sparticle masses, in particular the masses of colored and uncolored
sfermions of all generations. For a long time, many analyses have used a, as a central
observable to constrain the CMSSM parameters, see e.g. [129]. The most recent analyses
show that the LHC determination of the Higgs boson mass turns out to be incompatible
with an explanation of the current Aa, within the CMSSM [130, 131, 132]. Hence, the
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CMSSM and similar scenarios is already disfavored now, and it will be excluded if the future
a,, measurement confirms the current Aa,,.

The issue of fine-tuning has led to many proposals for SUSY models in which some or all
of the experimental constraints are satisfied in a technically natural way. For instance, in the
so-called natural SUSY scenarios (see e.g. [136, 137]) the spectrum is such that fine-tuning
is minimized while squarks and gluinos evade LHC bounds. These scenarios can explain
the Higgs boson mass but completely fail to explain g—2 because of the heavy smuons.
Similarly so-called compressed supersymmetry [138] can be a natural explanation of the
Higgs mass and the negative LHC SUSY searches but, at least in the version of Ref. [139]
fails to accommodate a large Aa,,.

On the other hand, the model of Ref. [133] is an example of a model with the aim to
reconcile LHC-data, naturalness, and g—2. It is based on gauge-mediated SUSY breaking
and extra vector-like matter, and it is naturally in agreement with FCNC constraints and
the Higgs boson mass value. In this model the SUSY particles can be light enough to explain
g—2, but in that case it is on the verge of being excluded by LHC data.

The rising tension between the constraints mentioned above, and further recent model-
building efforts to solve it, are also reviewed in Refs. [134, 135]. In these references, more
pragmatic approaches are pursued, and parameter regions within the general MSSM are
suggested which are in agreement with all experimental constraints. All suggested regions
have in common that they are split, i.e. some sparticles are much heavier than others. Ref.
[134] suggests to focus on scenarios with light non-colored and heavy colored sparticles; Ref.
[135] proposes split-family supersymmetry, where only the third family sfermions are very
heavy. In both scenarios, g—2 can be explained, and the parameter space of interest can be
probed by the next LHC run.

In the general model classification of the previous subsection the possibility of radiative
muon mass generation was mentioned. This idea can be realized within supersymmetry, and
it leads to SUSY scenarios quite different from the ones discussed so far. Since the muon mass
at tree level is given by the product of a Yukawa coupling and the vacuum expectation value
of the Higgs doublet H,, there are two kinds of such scenarios. First, one can postulate that
the muon Yukawa coupling is zero but chiral invariance is broken by soft supersymmetry-
breaking A-terms. Then, the muon mass, and aﬁUSY, arise at the one-loop level and there is
no relative loop suppression of aEUSY [101, 102]. Second, one can postulate that the vacuum
expectation value (Hyg) is very small or zero [140, 141]. Then, the muon mass and a5"5Y
arise at the one-loop level from loop-induced couplings to the other Higgs doublet. Both
scenarios could accommodate large aﬁUSY and TeV-scale SUSY particle masses.

These examples of the CMSSM, natural SUSY, extended SUSY models, split MSSM
scenarios, and radiative muon mass generation illustrate the model-dependence of g—2 and
its correlation to the other constraints. Clearly, a definitive knowledge of aEUSY will be very
beneficial for the interpretation of LHC data in terms of SUSY.

a, and model selection and parameter measurement

The LHC is sensitive to virtually all proposed weak-scale extensions of the standard model,
ranging from supersymmetry, extra dimensions and technicolor to little Higgs models, un-
particle physics, hidden sector models and others. However, even if the existence of physics
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beyond the standard model is established, it will be far from easy for the LHC alone to
identify which of these — or not yet thought of — alternatives is realized. Typically LHC
data will be consistent with several alternative models.

The previous subsection has given examples of qualitatively different SUSY models which
are in agreement with current LHC data. Even worse, even if in the future the LHC finds
many new heavy particles which are compatible with SUSY, these new states might allow
alternative interpretations in terms of non-SUSY models. In particular universal-extra-
dimension models (UED) [142], or the Littlest Higgs model with T-parity (LHT) [143, 144]
have been called “bosonic SUSY” since they can mimick SUSY but the partner particles
have the opposite spin as the SUSY particles, see e.g. [145]. The muon g—2 would especially
aid in the selection since UED or Littlest Higgs models predict a tiny effect to a, [104, 105],
while SUSY effects are often much larger.

On the other hand, a situation where the LHC finds no physics beyond the standard model
but the a, measurement establishes a deviation, might be a signal for dark sector models
such as the secluded U(1) model [119], with new very weakly interacting light particles which
are hard to identify at the LHC [121, 120, 122].

Next, if new physics is realized in the form of a non-renormalizable theory, a, might not
be fully computable but depend on the ultraviolet cutoff. Randall-Sundrum or universal
extra dimension models are examples of this situation. In such a case, the a, measurement
will not only help to constrain model parameters but it will also help to get information on
the ultraviolet completion of the theory.

Within the framework of SUSY there are many different well-motivated models as dis-
cussed in the previous subsection. Fig. 2.12 illustrates the complementarity between the
LHC and g—2 in selecting between and analysing such models.

The red points in the left plot in Fig. 2.12 show the values for the so-called SPS benchmark
points [149] and new benchmark points E1, E4, NS1. The points E1, E4 are the split scenarios
defined in Endo et al, Ref. [134] (cases (a) and (d) with My = 300 GeV and my = 500 GeV),
the point NS1 is the natural SUSY scenario defined in Ref. [136]. These points span a
wide range and can be positive or negative, due to the factor sign(u) in Eq. (2.31). The
discriminating power of the current (yellow band) and an improved (blue band) measurement
is evident from Fig. 2.12(a).

Even though several SPS points are actually experimentally excluded, their spread in
Fig. 2.12(a) is still a good illustration of possible SUSY contributions to a,. E.g. the split
scenarios of Refs. [134, 135] are comparable to SPS1b, both in their g—2 contribution and
in the relevant mass spectrum. Natural SUSY is similar to SPS2, which corresponds to a
heavy sfermion scenario. Similarly, the “supersymmetry without prejudice” study of Ref.
[150] confirmed that the entire range aEUSY ~ (=100...+ 300) x 107" was populated by a
reasonable number of “models” which are in agreement with other experimental constraints.
Therefore, a precise measurement of g—2 to 16 x 107! will be a crucial way to rule out a
large fraction of models and thus determine SUSY parameters.

One might think that if SUSY exists, the LHC-experiments will find it and measure its
parameters. Above it has been mentioned that SUSY can be mimicked by “bosonic SUSY”
models. The green points in Fig. 2.12(a) illustrate that even within SUSY, certain SUSY
parameter points can be mimicked by others. The green points correspond to “degenerate
solutions” of Ref. [146] — different SUSY parameter points which cannot be distinguished
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Figure 2.12: (a) SUSY contributions to a, for the SPS and other benchmark points (red),
and for the “degenerate solutions” from Ref. [146]. The yellow band is the £1 ¢ error from
E821, the blue is the projected sensitivity of E989. (b) Possible future tan 8 determination
assuming that a slightly modified MSSM point SPSla (see text) is realized. The bands
show the Ay? parabolas from LHC-data alone (yellow) [148], including the a, with current
precision (dark blue) and with prospective precision (light blue). The width of the blue
curves results from the expected LHC-uncertainty of the parameters (mainly smuon and
chargino masses) [148].

at the LHC alone (see also Ref. [147] for the LHC inverse problem). Essentially the points
differ by swapping the values and signs of the SUSY parameters p, My, My. They have very
different @, predictions, and hence a, can resolve such LHC degeneracies.

The right plot of Fig. 2.12 illustrates that the SUSY parameter tan 5 can be measured
more precisely by combining LHC-data with a,. It is based on the assumption that SUSY
is realized, found at the LHC and the origin of the observed a, deviation (2.26). To fix
an example, we use a slightly modified SPS1a benchmark point with tan 8 scaled down to
tan 3 = 8.5 such that a3"5Y is equal to an assumed deviation Aa, = 255 x 107'1.5 Ref.
[148] has shown that then mass measurements at the LHC alone are sufficient to determine
tan 3 to a precision of 4.5 only. The corresponding Ax? parabola is shown in yellow in the
plot. In such a situation one can study the SUSY prediction for a, as a function of tan g
(all other parameters are known from the global fit to LHC data) and compare it to the
measured value, in particular after an improved measurement. The plot compares the LHC
Ax? parabola with the ones obtained from including a,, Ax* = [(a;"*Y (tan ) — Aa,,) /0a,]?
with the errors da, = 80 x 107! (dark blue) and 34 x 107! (light blue). As can be seen
from the Figure, using today’s precision for a, would already improve the determination of
tan 3, but the improvement will be even more impressive after the future a, measurement.

One should note that even if better ways to determine tan S at the LHC alone might

6The actual SPSla point is ruled out by LHC, however for our purposes only the weakly interacting
particles are relevant, and these are not excluded. The following conclusions are neither very sensitive to the
actual tan 8 value nor to the actual value of the deviation Aa,,.
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be found, an independent determination using a, will still be highly valuable, as tan 3 is
one of the central MSSM parameters; it appears in all sectors and in almost all observables.
In non-minimal SUSY models the relation between tan S and different observables can be
modified. Therefore, measuring tan § in different ways, e.g. using certain Higgs- or b-decays
at the LHC or at b-factories and using a,, would constitute a non-trivial and indispensable
test of the universality of tan 5 and thus of the structure of the MSSM.

The anomalous magnetic moment of the muon is sensitive to contributions from a wide
range of physics beyond the standard model. It will continue to place stringent restrictions
on all of the models, both present and yet to be written down. If physics beyond the standard
model is discovered at the LHC or other experiments, a, will constitute an indispensable
tool to discriminate between very different types of new physics, especially since it is highly
sensitive to parameters which are difficult to measure at the LHC. If no new phenomena
are found elsewhere, then it represents one of the few ways to probe physics beyond the
standard model. In either case, it will play an essential and complementary role in the quest
to understand physics beyond the standard model at the TeV scale.
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Chapter 3

Overview of the Experimental
Technique

In this chapter we give an overview of how the experiment is done. This is followed by a
number of chapters that give the details of the specific hardware being developed for E989.
The order of those chapters follows the WBS as closely as possible.

The experiment consists of the following steps:

1.

Production of an appropriate pulsed proton beam by an accelerator complex.
Production of pions using the proton beam that has been prepared.
Collection of polarized muons from pion decay 7+ — pfv,

Transporting the muon beam to the (g — 2) storage ring,.

Injection of the muon beam into the storage ring.

Kicking the muon beam onto stored orbits.

Measuring the arrival time and energy of positrons from the decay pu™ — et

Central to the determination of a,, is the spin equation®

- Qe

o =
m

: (3.1)

2 — —
- x F
a”B—k(a#_(?Z))ﬁ -

that gives the rate at which the spin turns relative the the momentum vector, which turns
with the cyclotron frequency. The electric field term is there since we use electrostatic vertical
focusing in the ring. At the magic momentum, p,, = 3.09 GeV/c, the effect of the motional
magnetic field (the § x E term) vanishes.

Measurement of a, requires the determination of the muon spin frequency w, and the
magnetic field averaged over the muon distribution.

ISee Section 3.3 for the details.
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Figure 3.1: The E821 storage-ring magnet at Brookhaven Lab.

3.1 Production and Preparation of the Muon Beam

E989 will bring a bunched beam from the 8 GeV Booster to a pion production target located
where the antiproton production target was in the Tevatron collider program (see Chapter 7).
Pions of 3.11 GeV/c 5% will be collected and sent into a large-acceptance beamline. Muons
are produced in the weak pion decay

Tt = ut + (v (3.2)

The antineutrino (neutrino) is right-handed (left-handed) and the pion is spin zero. Thus the
muon spin must be antiparallel to the neutrio spin, so it is also right-handed (left-handed).
A beam of polarized muons can be obtained from a beam of pions by selecting the highest-
energy muons (a “forward beam”) or by selecting the lowest-energy muons (a “backward
beam”), where forward or backward refers to whether the decay is forward or backward in
the center-of-mass frame relative to the pion momentum. Polarizations significantly greater
than 90% are easily obtained in such beams. The pions and daughter muons will be injected
into the Delivery Ring (the re-purposed p debuncher ring), where after several turns the
remaining pions decay. The surviving muon beam will be extracted and brought to the
muon storage ring built for E821 at Brookhaven.

3.2 Injection into the Storage Ring

A photograph of the E821 magnet is shown in Figure 3.1. It is clear from the photo that this
“storage ring” is very different from the usual one that consists of lumped elements. The
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storage ring magnet is energized by three superconducting coils shown in Fig 3.2(b). The
continuous “C” magnet yoke is built from twelve 30° segments of iron that was designed
to eliminate the end effects present in lumped magnets. This construction eliminates the
large gradients that would make the determination of average magnetic field, (B), very
difficult. Furthermore, a small perturbation in the yoke can effect the field halfway around
the ring at the ppm level. Thus every effort is made to minimize holes in the yoke, and
other perturbations. The only penetrations through the yoke are to permit the muon beam
to enter the magnet as shown in Fig 3.2(a), and to connect cryogenic services and power to
the inflector magnet and to the outer radius coil (see Fig. 3.2(b)). Where a hole in the yoke
is necessary, extra steel was placed around the hole on the outside of the yoke to compensate
for the missing material.

0
125

[ Tangential Reference Line Through bolt —~ /— Shim plate
! S Inflector !

Beam Line _— - A Iron yoke
) . Upper push-rod

N ot ///////////////jg; upper coil
NN e overeoi T i e = S
12.35° 5 I //‘//*//I I!III// /Il._.
\ 0 \\\\\\\\\\\\ Inner lower coil
07777 et

To ring center

Poles

Spacer Plates
“Back-leg”

Muon
Orbit

H
{1

% ‘#ﬂ ] 392‘:::1“—»
(a) (b)

Figure 3.2: (a) Plan view of the beam entering the storage ring. (b) Elevation view of the
storage-ring magnet cross section.

The beam enters through a hole in the “back-leg” of the magnet and then crosses into the
inflector magnet, which provides an almost field free region, delivering the beam to the edge
of the storage region. The geometry is rather constrained, as can be seen in Fig. 3.3(a). The
injection geometry is sketched in Fig. 3.3(b). The kick required to put magic momentum
muons onto a stable orbit centered at magic radius is on the order of 10 mrad.

The requirements on the muon kicker are rather severe:

1. Since the magnet is continuous, any kicker device has to be inside of the precision
magnetic field region.

2. The kicker hardware cannot contain magnetic elements such as ferrites, because they
will spoil the uniform magnetic field.

3. Any eddy currents produced in the vacuum chamber, or in the kicker electrodes by the
kicker pulse must be negligible by 10 to 20 us after injection, or must be well known
and corrected for in the measurement.

4. Any new kicker hardware must fit within the real estate that was occupied by the E821
kicker. The available space consists of three consecutive 1.7 m long spaces.
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5. The kicker pulse should be shorter than the cyclotron period of 149 ns.

- R'=7112 mm from ring center
Outer cryostat +
¥ Iron wedge

Upper pole piece

Inflector 77 mm

S Pole bump R

Beam
channel|

A

Py ‘\ilVFuop storage
{ f region
N\ \\

Inflec p=45mm Beam vacuum
nflector
cryostat chamber
\ - Pole bump
Superconductingp _ Partition wall :
coils assive superconducting
shield

Iron wedge

(a)

Figure 3.3: (a) The inflector exit showing the incident beam center 77 mm from the center of
the storage region. The incident muon beam channel is highlighted in red. (b) The geometry
of the necessary kick. The incident beam is the red circle, and the kick effectively moves the
red circle over to the blue one.

3.3 The Spin Equations

Measurements of magnetic and electric dipole moments make use of the torque on a dipole

in an external field:
T=jixB+dxFE, (3.3)

where we include the possibility of an electric dipole moment (cf) Except for the original
Nevis spin rotation experiment, the muon magnetic dipole moment experiments inject a
beam of polarized muons into a magnetic field and measure the rate at which the spin turns
relative to the momentum, &, = Wg — Jo, where S and C stand for spin and cyclotron,
respectively. These two frequencies, in the absence of any other external fields, are given by

ws = —goeB - (1-1) 2B, (3.4
vo =~ B; (3.5)
Wy = Wg—Wo = — (‘(];2) CTZneB = —au?neB (3.6)

(where e > 0 and Q = £1). There are two important features of w,:
e [t only depends on the anomaly rather than on the full magnetic moment.

e [t depends linearly on the applied magnetic field.
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To measure the anomaly, it is necessary to measure w,, and to determine the magnetic
field B. The relevant quantity is (B), which is the magnetic field convolved with the muon
beam distribution, M defined as

:/M@@Bmmmma (3.7)
where the magnetic field B(r, 0) is expressed as the multipole expansion
B(r,0) = > r"[c,cosnb + s, sinnb)] (3.8)
n=0

and the muon distribution is expressed in terms of moments
M(r,0) = > [&n(r) cosmb + 0, (1) sinmb). (3.9)
m=0

Because the harmonics sin nf sin m#, etc., are orthogonal when integrated over one period,
non-vanishing integrals come from products of the same moment /multipole, in the expression
for (B). To determine (B) to sub-part-per-million (ppm) precision, one either needs excellent
knowledge of the multipole and moment distributions for B and M; or care must be taken
to minimize the number of terms, with only the leading term being large, so that only the
first few multipoles are important. This was achieved in the most recent experiment [6] by
using a circular beam aperture, and making a very uniform dipole magnetic field.

However there is one important issue to be solved: How can the muon beam be confined
to a storage ring if significant magnetic gradients cannot be used to provide vertical focusing?
The answer to this question was discovered by the third CERN collaboration [1], which used
an electric quadrupole field to provide vertical focusmg Of course, a relativistic particle
feels a motional magnetic field proportional to 6 X E but the full relativistic spin equation
contains a cancellation as can be seen below. Assuming that the velocity is transverse to the
magnetic field (5 .B = 0), one obtains [2, 3]

2 — —
_ E
Los o (2))

There are both motional magnetic and electric fields in this equation — the terms which
are proportional to 5 x E and B x B, respectively.

The expression for w, is
2 — —
L m fxE
B — | —
a,b + (au (p ) ) .

. Qe
w —
m
For the “magic” momentum pyage = m/v/a =~ 3.09 GeV/¢ (magic = 29.3), the second
term vanishes, and the electric field does not contribute to the spin motion relative to the
momentum.? Note that if ¢ = 2, then @ = 0 and the spin would follow the momentum,
turning at the cyclotron frequency.

E — —
Qe —+p8xB
C

_n2m

By = By + @y = — (3.10)

(3.11)

2Small corrections to the measured frequency must be applied since E . B ~ 0 and not all muons are at
the magic momentum. These are discussed in Chapter 4.
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3.4 Vertical Focusing with Electrostatic Quadrupoles

The storage ring acts as a weak-focusing betatron, with the vertical focusing provided by
electrostatic quadrupoles. The ring is operated at the magic momentum, so that the electric
field does not contribute to the spin precession. However there is a second-order correction
to the spin frequency from the radial electric field, which is discussed below. There is also a
correction from the vertical betatron motion, since the spin equations in the previous section
were derived with the assumption that ﬁ B =0.

Calibration
NMR probe

270° Fiber
19 monitor

Trolley
garagé

180° Fiber
monitor

Figure 3.4: The layout of the storage ring, as seen from above, showing the location of the
inflector, the kicker sections (labeled K1-K3), and the quadrupoles (labeled Q1-Q4). The
beam circulates in a clockwise direction. Also shown are the collimators, which are labeled
“C”, or “%C” indicating whether the Cu collimator covers the full aperture, or half the aper-
ture. The collimators are rings with inner radius: 45 mm, outer radius: 55 mm, thickness:
3 mm. The scalloped vacuum chamber consists of 12 sections joined by bellows. The cham-
bers containing the inflector, the NMR trolley garage, and the trolley drive mechanism are
special chambers. The other chambers are standard, with either quadrupole or kicker assem-
blies installed inside. An electron calorimeter is placed behind each of the radial windows,
at the position indicated by the calorimeter number.

w 3.0 Muon Decay

160 1he dominant muon decay is

pt — et +u,(v,) + ve(ve) (3.12)

1o which also violates parity.
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Since the kinematics of muon decay are central to the measurements of a,, we discuss
the general features in this section. Additional details are given in Ref. [17]. From a beam
of pions traversing a straight beam-channel consisting of focusing and defocusing elements
(FODO), a beam of polarized, high energy muons can be produced by selecting the ”for-
ward” or ”"backward” decays. The forward muons are those produced, in the pion rest frame,
nearly parallel to the pion laboratory momentum and are the decay muons with the highest
laboratory momenta. The backward muons are those produced nearly anti-parallel to the
pion momentum and have the lowest laboratory momenta. The forward p~ (u™) are polar-
ized along (opposite) their lab momenta respectively; the polarization reverses for backward
muons. The E821 experiment used forward muons, as will E989, the difference being the
length of the pion decay line, which in E989 will be 1,900 m.

The pure (V — A) three-body weak decay of the muon, u= — e~ + v, + 7. or u* — et +
U, + Ve, is “self-analyzing”, that is, the parity-violating correlation between the directions in
the muon rest frame (MRF) of the decay electron and the muon spin can provide information
on the muon spin orientation at the time of the decay. When the decay electron has the
maximum allowed energy in the MRF, E/ .~ (m,c*)/2 =53 MeV. The neutrino and anti-
neutrino are directed parallel to each other and at 180° relative to the electron direction.
The v pair carry zero total angular momentum; the electron carries the muon’s angular
momentum of 1/2. The electron, being a lepton, is preferentially emitted left-handed in a
weak decay, and thus has a larger probability to be emitted with its momentum anti-parallel
rather than parallel to the x4~ spin. Similarly, in u* decay, the highest-energy positrons are
emitted parallel to the muon spin in the MRF.

In the other extreme, when the electron kinetic energy is zero in the MRF, the neutrino
and anti-neutrino are emitted back-to-back and carry a total angular momentum of one. In
this case, the electron spin is directed opposite to the muon spin in order to conserve angular
momentum. Again, the electron is preferentially emitted with helicity -1, however in this
case its momentum will be preferentially directed parallel to the = spin. The positron, in
ut decay, is preferentially emitted with helicity +1, and therefore its momentum will be
preferentially directed anti-parallel to the p spin.

With the approximation that the energy of the decay electron E' >> m.c?, the differential
decay distribution in the muon rest frame is given by[23],

dP(y',0") o< n'(y') [1 £ A(Y') cos 0'] dy'dSY (3.13)

where ¢ is the momentum fraction of the electron, v = p./p. ..., d¥ is the solid angle,
0" = cos™! (p.. - 8) is the angle between the muon spin and 7'/, p, ..c~ E'  and the (—)
sign is for negative muon decay. The number distribution n(y’) and the decay asymmetry
A(y') are given by
2y —1
n(y) =2y?%(3-2y) and A(Y) = 3y WE (3.14)
-2y
Note that both the number and asymmetry reach their maxima at 3y’ = 1, and the asymmetry
changes sign at ¢ = %, as shown in Figure 3.5(a).
The CERN and Brookhaven based muon (g — 2) experiments stored relativistic muons of
the magic momentum in a uniform magnetic field, which resulted in the muon spin precessing

with constant frequency &,, while the muons traveled in circular orbits. If all decay electrons
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Figure 3.5: Number of decay electrons per unit energy, N (arbitrary units), value of the
asymmetry A, and relative figure of merit NA? (arbitrary units) as a function of electron
energy. Detector acceptance has not been incorporated, and the polarization is unity. For the
third CERN experiment and E821, E,,,, =~ 3.1 GeV (p, = 3.094 GeV/c) in the laboratory
frame.

were counted, the number detected as a function of time would be a pure exponential;
therefore we seek cuts on the laboratory observable to select subsets of decay electrons
whose numbers oscillate at the precession frequency. The number of decay electrons in
the MRF varies with the angle between the electron and spin directions, the electrons in
the subset should have a preferred direction in the MRF when weighted according to their
asymmetry as given in Equation 3.13. At p, ~ 3.094 GeV/c the directions of the electrons
resulting from muon decay in the laboratory frame are very nearly parallel to the muon
momentum regardless of their energy or direction in the MRF. The only practical remaining
cut is on the electron’s laboratory energy. An energy subset will have the desired property:
there will be a net component of electron MRF momentum either parallel or antiparallel
to the laboratory muon direction. For example, suppose that we only count electrons with
the highest laboratory energy, around 3.1 GeV. Let 2 indicate the direction of the muon
laboratory momentum. The highest-energy electrons in the laboratory are those near the
maximum MRF energy of 53 MeV, and with MRF directions nearly parallel to zZ. There are
more of these high-energy electrons when the p~ spins are in the direction opposite to Z than
when the spins are parallel to 2. Thus the number of decay electrons reaches a maximum
when the muon spin direction is opposite to 2z, and a minimum when they are parallel. As
the spin precesses the number of high-energy electrons will oscillate with frequency w,. More
generally, at laboratory energies above ~ 1.2 GeV, the electrons have a preferred average
MRF direction parallel to Z (see Figure 3.5). In this discussion, it is assumed that the
spin precession vector, ,, is independent of time, and therefore the angle between the spin
component in the orbit plane and the muon momentum direction is given by w,t + ¢, where
¢ is a constant.

Equations 3.13 and 3.14 can be transformed to the laboratory frame to give the electron
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number oscillation with time as a function of electron energy,
Ny(t, E) = Nao(E)e " [1 + Ag(E) cos(wat + ¢a(E))], (3.15)
or, taking all electrons above threshold energy Ey,,
N(t, Ep) = No(Ew)e ™ [1 + A(Ew) cos(wat + ¢(Ew)))- (3.16)
In Equation 3.15 the differential quantities are,

—8y> +y+ 1
_p oY YT

AdlB) = 42 —5y—5’

Nao(E) o (y — 1)(4y* — 5y — 5), (3.17)

and in Equation 3.16,

Yen 2y + 1)
—y2, + Y + 3

N(Ew) o (yan — 1)*(~yin +ym +3),  A(Ew) =P (3.18)

In the above equations, y = E/E .z, Yin = Ein/Emaz, P is the polarization of the muon
beam, and F, Ey,, and E,,,, = 3.1 GeV are the electron laboratory energy, threshold energy,
and maximum energy, respectively.

L ) L

17 NA 1

. A

0.8— N 0.8
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(a) No detector acceptance or energy resolution (b) Detector acceptance and energy resolution
included included

Figure 3.6: The integral N, A, and N A? (arbitrary units) for a single energy-threshold as a
function of the threshold energy; (a) in the laboratory frame, not including and (b) including
the effects of detector acceptance and energy resolution for the E821 calorimeters. For the
third CERN experiment and E821, E,,., =~ 3.1 GeV (p, = 3.094 GeV/c) in the laboratory
frame.

The fractional statistical error on the precession frequency, when fitting data collected
over many muon lifetimes to the five-parameter function (Equation 3.16), is given by

0wq V2

de = = —.
Wa  2mfor, N2 A

(3.19)
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where N is the total number of electrons, and A is the asymmetry, in the given data sample.
For a fixed magnetic field and muon momentum, the statistical figure of merit is NA?, the
quantity to be maximized in order to minimize the statistical uncertainty.

The energy dependencies of the numbers and asymmetries used in Equations 3.15 and
3.16, along with the figures of merit N A?, are plotted in Figures 3.5 and 3.6 for the case
of E821. The statistical power is greatest for electrons at 2.6 GeV (Figure 3.5). When a fit
is made to all electrons above some energy threshold, the optimal threshold energy is about
1.7-1.8 GeV (Figure 3.6).

The resulting arrival-time spectrum of electrons with energy greater than 1.8 GeV from
the final E821 data run is shown in Fig. 3.7. While this plot clearly exhibits the expected
features of the five-parameter function, a least-square fit to these 3.6 billion events gives
an unacceptably large chi-square. A number of small effects must be taken into account to
obtain a reasonable fit, which will be discussed in Chapter 5.

Y
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Figure 3.7: Histogram, modulo 100 u s, of the number of detected electrons above 1.8 GeV
for the 2001 data set as a function of time, summed over detectors, with a least-squares fit
to the spectrum superimposed. Total number of electrons is 3.6 x 10°. The data are in blue,
the fit in green.
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3.6 The Magnetic Field

The rate at which the muon spin turns relative to its momentum (Eq. 3.11) depends on the
anomaly a, and on the average magnetic field given by Eq. 3.7. Thus the determination of
a, to sub-tenths of a ppm requires that both w, and (B) be determined to this level. The
muon beam is confined to a cylindrical region of 9 cm diameter, which is 44.7 m in length.
The volume of this region is ~ 1.14 m® or ~ 40 ft3, which sets the scale for the magnetic
field measurement and control. The E989 goal is to know the magnetic field averaged over
running time and the muon distribution to an uncertainty of £70 parts per billion (ppb).
The problem breaks into several pieces:

1. Producing as uniform magnetic field as possible by shimming the magnet.

2. Stabilizing B in time at the sub-ppm level by feedback, with mechanical and thermal
stability.

3. Monitoring B to the 20 ppb level around the storage ring during data collection.

4. Periodically mapping the field throughout the storage region and correlating the field
map to the monitoring information without turning off the magnet between data col-
lection and field mapping. It is essential that the magnet not be powered off unless
absolutely necessary.

5. Obtaining an absolute calibration of the B-field relative to the Larmor frequency of
the free proton.

The only magnetic field measurement technique with the sensitivity needed to measure
and control the B-field to the tens of ppb is nuclear magnetic resonance (NMR). Pulsed
NMR was used, where a w/2 RF pulse rotated the spins and the resulting free-induction
decay (FID) was detected by a pickup coil around the sample. The E821 baseline design used
the NMR of protons in a water sample with a CuSO,4 additive that shortened the relaxation
time, with the probes tuned to operate in a 1.45 T field. When the water evaporated from
a few of the probes, the water was replaced with petrolium jelly, which the added features
of a smaller sensitivity to temperature changes and no evaporation.

Special nuclear magnetic resonance (NMR) probes [42, 6] were used in E821 to measure
and monitor the magnetic field during the experimental data collection.®> Three types of
probes were used: a spherical water probe that provided the absolute calibration to the free
proton; cylindrical probes that were used monitor the field during data collection and in
an NMR trolley to map the field; and a smaller spherical probe which could be plunged
into the muon storage region by means of a bellows system to transfer the absolute calibra-
tion to the trolley probes. A collection of 378 cylindrical probes placed in symmetrically
machined grooves on the top and bottom of the muon beam vacuum chamber gave a point-
to-point measure of the magnetic field while beam was in the storage ring. Probes at the
same azimuthal location but different radii gave information on changes to the quadrupole
component of the field at that location.

3The probes are described in Chapter 16
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The field mapping trolley contained 17 cylindrical probes arranged in concentric circles
as shown in Figure 3.8. At several-day intervals during the running periods, the beam
was turned off, and the field mapping trolley was driven around inside of the evacuated
beam chamber measuring the magnetic field with each of the 17 trolley probes at 6,000
locations around the ring. One of the resulting field maps, averaged over azimuth, is shown
in Figure 3.8(b).

375 fixed NMR probes
| F 25 ppm
5 4 2
/ € 3
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[V} 2: 1
E =
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= -1 0.5
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il _4:H | Ll

2101 2 3 4
radial distance (cm)

(b)

w

4 -

Figure 3.8: (a) The electrostatic quadrupole assembly inside a vacuum chamber showing the
NMR trolley sitting on the rails of the cage assembly. Seventeen NMR probes are located
just behind the front face in the places indicated by the black circles. The inner (outer) circle
of probes has a diameter of 3.5 cm (7 cm) at the probe centers. The storage region has a
diameter of 9 cm. The vertical location of three of the 180 upper fixed probes is also shown.
An additional 180 probes are located symmetrically below the vacuum chamber. (Reprinted
with permission from [6]. Copyright 2006 by the American Physical Society.) (b) A contour
plot of the magnetic field averaged over azimuth, 0.5 ppm intervals.

The absolute calibration utilizes a probe with a spherical water sample [7]. The Larmor
frequency of a proton in a spherical water sample is related to that of the free proton through
fu(sph — HyO,T) = [1 — o(Hy0,T)] fu(free), [8, 9] where o(H,0,T) = 25.790(14) x 107 is
from the diamagnetic shielding of the proton in the water molecule, determined from [10]

9p(H20,34.7°C) g,(H) g,(H)
9. (H) 9p(H) gp(free) ‘

The terms are: the ratio of the g-factors of the proton in a spherical water sample to
that of the electron in the hydrogen ground state (g;(H)) [10]; the ratio of electron to
proton g-factors in hydrogen [11]; the bound-state correction relating the g-factor of the
proton bound in hydrogen to the free proton [12, 13]. The temperature dependence is from
Reference [14]. An alternate absolute calibration would be to use an optically pumped *He
NMR probe [15]. This has several advantages: the sensitivity to the probe shape is negligible,
and the temperature dependence is also negligible. This option is being explored for E989.

The calibration procedure used above permits the magnetic field to be expressed in terms
of the Larmor frequency of a free proton, w,. The magnetic field is weighted by the muon

o(H,0,34.7°C) = 1 — (3.20)
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distribution, and also averaged over the running time weighed by the number of stored
muons to determine the value of w, which is combined with the average w, to determine
a,. The reason for the use of these two frequencies, rather than B measured in tesla can be
understood from Eq. 3.11. To obtain a, from this relationship requires precise knowledge of
the muon charge to mass ratio.

To determine a, from the two frequencies w, and w,, we use the relationship

Wa /Wy R

_ . 21
N —wafwy, AR’ (3.21)

where the ratio
Ay = uu+/up = 3.183345137 (85) (3.22)

is the muon-to-proton magnetic moment ratio [16] measured from muonium (the u"e™ atom)
hyperfine structure[18]. Of course, to use A} to determine a,- requires the assumption of
CPT invariance, viz. (a,+ = a,-; Ay = A_). The comparison of R+ with R,- provides a
CPT test. In E821

AR =R, —R,+ = (3.6 £3.7) x 107° (3.23)
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Chapter 4

Beam Dynamics and Beam Related
Systematic Errors

4.1 Introduction

In this chapter we discuss the behavior of a beam in a weak-focusing betatron, and the
features of the injection of a bunched beam that are important in the determination of w,.
We also discuss the corrections to the measured frequency w, that come from the the vertical
betatron motion, and the fact that not all muons are at the magic momentum (central radius)
in the storage ring. The final section of this chapter discusses the systematic errors that come
from the pion and muon beamlines.

4.2 The Weak Focusing Betatron

The behavior of the beam in the (g — 2) storage ring directly affects the measurement of
a,. Since the detector acceptance for decay electrons depends on the radial coordinate of
the muon at the point where it decays, coherent radial motion of the stored beam can
produce an amplitude modulation in the observed electron time spectrum. Resonances in
the storage ring can cause particle losses, thus distorting the observed time spectrum, and
must be avoided when choosing the operating parameters of the ring. Care is taken in setting
the frequency of coherent radial beam motion, the “coherent betatron oscillation” (CBO)
frequency, which lies close to the second harmonic of f, = w,/(27). If fcpo is too close to
2f,, the beat frequency, f_- = foepo — fa, complicates the extraction of f, from the data, and
can introduce a significant systematic error.

A pure quadrupole electric field provides a linear restoring force in the vertical direction,
and the combination of the (defocusing) electric field and the central magnetic field provides
a linear restoring force in the radial direction. The (g—2) ring is a weak focusing ring[1, 2, 3]

with the field index

/iR()
n=--"2 4.1
5B, (4.1)

where k is the electric quadrupole gradient, By is the magnetic field strength, R, is the
magic radius = 7112 mm, and f is the relativistic velocity of the muon beam. For a ring
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with a uniform vertical dipole magnetic field and a uniform quadrupole field that provides
vertical focusing covering the full azimuth, the stored particles undergo simple harmonic
motion called betatron oscillations, in both the radial and vertical dimensions.
The horizontal and vertical motion are given by

s
Ry
where s is the arc length along the trajectory. The horizontal and vertical tunes are given
by

r =1+ Ay cos(v,— +0,) and y=A, cos(l/yRi +6,), (4.2)
0

v, =vV1—n andy, =/n. (4.3)

Several n - values were used in E821 for data acquisition: n = 0.137, 0.142 and 0.122. The
horizontal and vertical betatron frequencies are given by

fo=fcV1—n=0929fc and f, = fcvn~0.37fc, (4.4)

where fo is the cyclotron frequency and the numerical values assume that n = 0.137. The
corresponding betatron wavelengths are Ag, = 1.08(2mRy) and \g, = 2.7(27Ry). It is
important that the betatron wavelengths are not simple multiples of the circumference,
as this minimizes the ability of ring imperfections and higher multipoles to drive resonances
that would result in particle losses from the ring.

Table 4.1: Frequencies in the (g — 2) storage ring, assuming that the quadrupole field is
uniform in azimuth and that n = 0.137.

Quantity | Expression | Frequency [MHz] | Period [us]
Ja s—a,B  ]0.228 4.37

fe I 6.7 0.149

fo V1—nf. |6.23 0.160

Sy Vnfe 2.48 0.402
fcBo fe—To 0.477 2.10

fvw fo—2f, 1.74 0.574

As a reminder, the muon frequency, w, is determined by the average magnetic field
weighted by the muon distribution and the magnetic anomaly:

2 — —

) B
n Qe aquL(a#_(m))ﬁx
P c

m
The field index also determines the angular acceptance of the ring. The maximum hori-
zontal and vertical angles of the muon momentum are given by

G = me VLT g gy, e/ (4.6
Ry Ry

where Tax, Ymax = 45 mm is the radius of the storage aperture. For a betatron amplitude

A, or A, less than 45 mm, the maximum angle is reduced, as can be seen from the above

equations.

. (4.5)
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4.3 Weak Focusing with Discrete Quadrupoles

For a ring with discrete quadrupoles, the focusing strength changes as a function of azimuth,
and the equation of motion looks like an oscillator whose spring constant changes as a
function of azimuth s. The motion is described by

z(s) = x. + Ay/B(s) cos(¢(s) + 9), (4.7)

where [3(s) is one of the three Courant-Snyder parameters.|2]

The Storage-ring p Function (Note the Offsets)
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Figure 4.1: (a) The horizontal (radial) and vertical beta functions for the E821 lattice. Note
the scale offset. (b) The horizontal (radial) and vertical alpha functions for the E821 lattice.
The n-value is 0.134 for both. (From Ref. [9]

The layout of the storage ring is shown in Figure 4.2(a). The four-fold symmetry of the
quadrupoles was chosen because it provided quadrupole-free regions for the kicker, tracking
chambers, fiber monitors, and trolley garage; but the most important benefit of four-fold
symmetry is to reduce the peak-to-peak betatron oscillation amplitudes, with 1/ Smax/Bmin =
1.03. The beta and alpha functions for the (g — 2) storage ring [9] are shown in Fig. 4.1.

Resonances in the storage ring will occur if Lv, + My, = N, where L, M and N are
integers, which must be avoided in choosing the operating value of the field index. These res-
onances form straight lines on the tune plane shown in Figure 4.2(b), which shows resonance
lines up to fifth order. The operating point lies on the circle v? + 1/5 = 1.

The detector acceptance depends on the radial position of the muon when it decays, so
that any coherent radial beam motion will amplitude modulate the decay e* distribution.
This can be understood by examining Fig. 4.3. A narrow bunch of muons starts its radial
betatron oscillation at the point s = 0. The circumference of the ring is 27p so the x-axis
shows successive revolutions around the ring. The radial betatron wavelength is longer than
the circumference 2wp. The rate at which the muon bunch moves toward and then away
from the detector is given by fopo = fo — f.. The CBO wavelength is slightly over 14
revolutions of the ring.
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Figure 4.2: (a) The layout of the storage ring. (b)The tune plane, showing the three operating
points used during our three years of E821 running.

The presence of the CBO was first discovered in E821 from a plot that showed an az-
imuthal variation in the value of a, shown in Fig. 4.4(a). When the CBO is included, this
azimuthal dependence disappears. Because the CBO wavelength is only slightly greater
than the circumference, its effect almost washes out when all detectors are added together.
Adding all detectors together was one of the techniques used in E821 to eliminate CBO
effect. However, the four-fold symmetry of the ring was broken by the kicker plates that
covered one section of the ring, so the cancellation was not perfect, but good enough. This
will most likely not be true in E989, so it is important to minimize the CBO effects. See
Chapter 14 for further discussion. Since some detectors saw more injection flash than others,
this meant that data at times earlier than around 40 us was discarded in those analyses.
Other analyzers included the CBO and were able to use data from the “quiet” detectors at
earlier times.

The principal frequency will be the “Coherent Betatron Frequency,”

fevo = fe — fo = (1 = V1 —n)fc >~ 470 kHZ, (4.8)
which is the frequency at which a single fixed detector sees the beam coherently moving
back and forth radially. This CBO frequency is close to the second harmonic of the (g — 2)
frequency, f, = w,/2m ~ 228 Hz.

An alternative way of thinking about the CBO motion is to view the ring as a spec-
trometer where the inflector exit is imaged at each successive betatron wavelength, Ag,. In
principle, an inverted image appears at half a betatron wavelength; but the radial image is
spoiled by the +0.3% momentum dispersion of the ring. A given detector will see the beam
move radially with the CBO frequency, which is also the frequency at which the horizontal
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le=— AC—>1

le=— Ay —=I (radial)
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Figure 4.3: A cartoon of the coherent betatron motion (CBO). The radial CBO oscillation
is shown in blue for 3 successive betatron wavelengths, the cyclotron wavelength (the cir-
cumference) is marked by the black vertical lines. One detector location is shown. Since the
radial betatron wavelength is larger than the circumference, the detector sees the bunched
beam slowly move closer and then further away. The frequency that the beam appears to
move in and out is fopo .
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Figure 4.4: The dependence of the extracted value of a, vs. detector number. (a)With no
CBO in the fit function. (b) With CBO included in the fit function.

waist precesses around the ring. Since there is no dispersion in the vertical dimension, the
vertical waist (VW) is reformed every half wavelength Az /2. A number of frequencies in
the ring are tabulated in Table 4.1

The CBO frequency and its sidebands are clearly visible in the Fourier transform to the
residuals from a fit to the five-parameter fitting function Equation 3.16, and are shown in
Figure 4.5. The vertical waist frequency is barely visible. In 2000, the quadrupole voltage
was set such that the CBO frequency was uncomfortably close to the second harmonic of
fa, thus placing the difference frequency f_ = fopo — fa. next to f,. This nearby sideband
forced us to work very hard to understand the CBO and how its related phenomena affect
the value of w, obtained from fits to the data. In 2001, we carefully set fopo at two different
values, one well above, the other well below 2f,, which greatly reduced this problem.
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Figure 4.5: The Fourier transform to the residuals from a fit to the five-parameter function,
showing clearly the coherent beam frequencies. (a) is from 2000, when the CBO frequency
was close to 2w,, and (b) shows the Fourier transform for the two n-values used in the 2001
run period.

4.3.1 Monitoring the Beam Profile

Two tools are available to us to monitor the muon distribution. Study of the beam de-
bunching after injection yields information on the distribution of equilibrium radii in the
storage ring. The tracking chambers will provide information on both the vertical and radial
distributions of the beam.

The beam bunch that enters the storage ring is expected to have a time spread with of
around =~ 100 ns, while the cyclotron period is 149 ns. The momentum distribution of stored
muons produces a corresponding distribution in radii of curvature. The distributions depend
on the phase-space acceptance of the ring, the phase space of the beam at the injection point,
and the kick given to the beam at injection.

With the E821 inflector magnet, the narrow horizontal dimension of the beam at the
injection point, about 18 mm, restricts the stored momentum distribution to about £0.3%.
As the muons circle the ring, the muons at smaller radius (lower momentum) eventually
pass those at larger radius repeatedly after multiple transits around the ring, and the bunch
structure largely disappears after 60 us . This de-bunching can be seen in the E821 data in
Figure 4.6 where the signal from a single detector is shown at two different times following
injection. The bunched beam is seen very clearly in the left figure, with the 149 ns cyclotron
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period being obvious. The slow amplitude modulation comes from the (g — 2) precession.
By 36 ps the beam has largely de-bunched.

¢’ Time Spectrum: t=36 us

x 102

¢' Time Spectrum: t=6 us 35000 -
1200 —

30000 —
1000 -

25000
800 -
20000 '

15000

10000 —

200
5000

o Ly LYY LISV RIN VRO v WO PV RIS L)L e P T S R
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pulse times pulse times

Figure 4.6: The time spectrum of a single calorimeter soon after injection. The spikes are
separated by the cyclotron period of 149 ns. The time width of the beam at injection was
o ~ 23 ns.

Only muons with orbits centered at the central radius have the “magic” momentum,
so knowledge of the momentum distribution, or equivalently the distribution of equilibrium
radii, is important in determining the correction to w, caused by the radial electric field used
for vertical focusing. Two methods of obtaining the distribution of equilibrium radii from
the beam debunching are employed in E821. One method uses a model of the time evolution
of the bunch structure. A second, alternative procedure uses modified Fourier techniques[8].

The former method was descended from the third CERN experiment, and will also be
used in E989. The initial bunched beam is modeled as an ensemble of particles having an
unknown frequency distribution and a narrow time spread. In E821 the beam had an rms
~ 25 ns, occupying ~ 60 degrees of the ring. The model assumes that every time slice of the
beam has the same frequency profile but the time width is left as a fit parameter, as is the
exact injection time. The distribution of angular frequencies will cause the bunched beam to
spread out around the ring over time, in a manner that depends uniquely on the momentum
distribution. In particular, the time evolution of any finite frequency slice is readily specified.
A given narrow bin of frequencies contributes linearly to the time spectrum. The total time
spectrum is a sum over many of these frequency components, with amplitudes that can be
determined using y? minimization. The momentum distribution is then determined from
the frequency distribution (or equivalently, from the radial distribution) by

= (1-m) (R _RORO) | (4.9)

The result of the fast-rotation analysis from the R00 period is shown in a plot of the
beam radius-of-curvature distribution shown in Fig. 4.7. The smooth curve is obtained from
a modified Fourier transform analysis. The peak of the distribution lies below the nominal
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Figure 4.7: The distribution of equilibrium radii obtained from the beam de-bunching. The
solid circles are from a de-bunching model fit to the data, and the dotted curve is obtained
from a modified Fourier analysis.

magic radius of 7112 mm but the mean is somewhat larger, 7116 + 1 mm for R00 The rms
width is about 10 mm. The results from the two methods agree well.

The E989 beam is considerably wider temporally, as ie shown in Fig. 7.6. The fast
rotation analysis was carried out assuming the temporal structure shown in Fig. 4.8(a),
which was obtained by a preliminary calculation of the beam exiting the Recycler ring. The
fast rotation spectrum is shown in Fig. 4.8(b) which is very different from that in Fig. 4.6.
Nevertheless, it was possible to obtain the distribution of equilibrium radii as can be seen in
Fig. 4.8. Now that we have much better information on the Recycler proton beam structure
beam we will study this issue in more detail

Entries a5
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3500 RMS 9.521
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Full width = 174 ns

Figure 4.8: Simulations of a temporally wide beam. (a) An early version of the Recycler
output beam. (b) The time spectrum shortly after injection, which can be compared with the
left-hand E821 calorimeter after injection shown Fig. 4.6. (c¢) The distribution of equilibrium
radii extracted from the debunching in these simulated data.

The measured distribution is used both in determining the average magnetic field seen
by the muons, and the radial electric field correction discussed below.

The scintillating-fiber monitors show clearly the vertical and horizontal tunes as expected.
In Figure 4.9, the horizontal beam centroid motion is shown, with the quadrupoles powered
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asymmetrically during scraping, and then symmetrically after scraping. A Fourier transform
of the latter signal shows the expected frequencies, including the cyclotron frequency of
protons stored in the ring. The traceback system also sees the CBO motion.
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Figure 4.9: (a) The horizontal beam centroid motion with beam scraping and without, using
data from the scintillating fiber hodoscopes; note the tune change between the two. (b) A
Fourier transform of the pulse from a single horizontal fiber, which shows clearly the vertical
waist motion, as well as the vertical tune. The presence of stored protons is clearly seen in
this frequency spectrum.

4.4 Corrections to w,: Pitch and Radial Electric Field

In the simplest case, the rate at which the spin turns relative to the momentum is given by

Wy = Wg —Wo = — (g—2> @B: —a@B
2 m m
The spin equation modified by the presence of an electric field was introduced earlier, with
the assumption that the velocity is transverse to the magnetic field. It has also been assumed
that all muons are at the magic momentum, Ymagic = Pmagic/mS. At the current and proposed
levels of experimental precision, corrections to these approximations must be addressed, since
the vertical betatron motion must be included, and the momentum acceptance of £0.5%
means the muon ensemble has a range of momenta. Corrections to the measured value for
w, from these two effects were the only corrections made to the data in E821 after the data
were un-blinded. In the 2001 data set, the electric field correction for the low n-value data
set was +0.47 + 0.05 ppm. The pitch correction was +0.27 £ 0.04 ppm. These are the only

corrections made to the w, data.
We sketch the derivation for E821 and E989 below[4]. For a general derivation the reader

is referred to References [6, 7].

(4.10)
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Without the assumption that 5 - B = 0 the cyclotron and spin rotation frequencies

become:
B Ix E
Go=-2¢|8__7 (BX ) , (4.11)
m |v v4-1 c
and the spin precession frequency becomes|5|
1\ = Y a s ix E
__Qelfe g 1L B—(9—1>7(5-B)5— 9_ 7 (B (4.12)
m 2 v 2 v+1 2 v+1 &
Substituting for a, = (g, — 2)/2, we find that the spin difference frequency is
. QF — v e 1 gx E
a:_ﬁ aMB_a’M ﬁ (6B)6_ au_’yQ—l N (413)
If 5 B = 0, this reduces to the previously introduced expression
. 1 \GxE
5 = @e aMB—<aM— . >BX (4.14)
m v4 =1 c

For Ymagic = 29.3 (p, = 3.09 GeV/c), the second term vanishes; and the electric field does
not contribute to the spin precession relative to the momentum. The spin precession is
independent of muon momentum; all muons precess at the same rate. Because of the high
uniformity of the B-field, a precision knowledge of the stored beam trajectories in the storage
region is not required.

First we calculate the effect of the electric field, for the moment neglecting the 5 - B term.
If the muon momentum is different from the magic momentum, the precession frequency is

given by
E 1
' = 1-B8—"(1—-———|]|. 4.1
Ca T [ ﬁBy ( a,ﬂ”ﬂ)] 419)

Using p = fym = (pm + Ap), after some algebra one finds

Wy —Wa _ Aw, _26Er (Ap)

Wq, Wq, By Pm

(4.16)

Thus the effect of the radial electric field reduces the observed frequency from the simple
frequency w, given in Equation 4.13. Now
% AR Te

P eem =

4.17
=, (417)

where x, is the muon’s equilibrium radius of curvature relative to the central orbit. The
electric quadrupole field is

E=krr=——u (4.18)
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We obtain A
w rr
— = 2n(1 —n)p* =
w n(l—n)B R2B,’

so clearly the effect of muons not at the magic momentum is to lower the observed frequency.
For a quadrupole focusing field plus a uniform magnetic field, the time average of x is just
T, SO the electric field correction is given by

Aw 2 (22)

e,
CE w n( TL)B R%Bya

(4.19)

(4.20)

where (z2) is determined from the fast-rotation analysis (see Figure 4.6). The uncertainty
on (x?) is added in quadrature with the uncertainty in the placement of the quadrupoles of

OR = £0.5 mm (£0.01 ppm), and with the uncertainty in the mean vertical position of the
beam, 1 mm (£0.02 ppm). For the low-n 2001 sub-period, Cr = 0.47 4 0.054 ppm.

B e
‘V\ z

Figure 4.10: The coordinate system of the pitching muon. The angle v varies harmonically.
The vertical direction is ¢ and 2 is the azimuthal (beam) direction.

The betatron oscillations of the stored muons lead to 5 . B = (. Since the 5 . B term in
Equation 4.12 is quadratic in the components of 5 , its contribution to w, will not generally
average to zero. Thus the spin precession frequency has a small dependence on the betatron
motion of the beam. It turns out that the only significant correction comes from the vertical
betatron oscillation; therefore it is called the pitch correction (see Equation 4.13). As the
muons undergo vertical betatron oscillations, the “pitch” angle between the momentum and
the horizontal (see Figure 4.10) varies harmonically as 1) = 1 cos w,t, where w,, is the vertical
betatron frequency w, = 27 f,, given in Equation 4.4. In the approximation that all muons
are at the magic vy, we set a, — 1/(7* — 1) = 0 in Equation 4.13 and obtain

Wy = _gj [aué — u (’yj—l) (3 E)g] ; (4.21)

where the prime indicates the modified frequency as it did in the discussion of the radial elec-
tric field given above, and (Ea = (Qe/m)aué We adopt the (rotating) coordinate system
shown in Figure 4.10, where 6 lies in the yz- plane z being the direction of propagation, and
y being vertical in the storage ring. Assuming B= By, ﬁ = 2B, +9yBy = 2B cos+yBsiny,
we find

— Qe

Wq = _E[au?)By —au (711) ByBy(2B: + 48y)). (4.22)
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The small-angle approximation cos ~ 1 and sin ~ 1 gives the component equations
-1
Wy = wa [1 - (%) 1/12] (4.23)

and

o, (1
Wl = wa< S )1/) (4.24)

It is seen that the direction of W/, in Figure 4.10 oscillates at the pitch frequency. We are
interested in the overall precession rate about the y-axis, which can be obtained in terms of
the period between the times that ¢) = 0, or the average rate of precession during the pitch
period. To facilitate obtaining this average, project &, onto axes parallel and perpendicular
to 5’ , using a standard rotation. Using the small-angle expansions cosy) ~ 1 —¢?/2, and
sinty ~ 1, we find the transverse component of !, is given by

W1 = W, COST — Wy, SN ~ w, [1 — 12] : (4.25)

As can be seen from Table 4.1, the pitching frequency w, is more than an order of
magnitude larger than the frequency w,, so that w changes sign rapidly, thus averaging out
its effect on w!. Therefore W/, ~ w,

Qe ? q Picosw,t
CU(/I ~ —EauBy 1-— ? = —EauBy 1-— % . <426)

Taking the time average yields a pitch correction

W @h . n)
Cp=—"t=-> Y (4.27)

where we have used Equation 4.6 (¢2) = n(y?)/R3. The quantity (y2) was both determined
experimentally and from simulations. For the 2001 period, €}, = 0.27 4+ 0.036 ppm, the
amount the precession frequency is lowered from that given in Equation 4.5 because E B #0.

We see that both the radial electric field and the vertical pitching motion lower the
observed frequency from the simple difference frequency w, = (e/m)a, B, which enters into
our determination of a, using Equation 3.21. Therefore our observed frequency must be
increased by these corrections to obtain the measured value of the anomaly. Note that if

wy ~~ w, the situation is more complicated, with a resonance behavior that is discussed in
References [6, 7].

4.5 Systematic Errors from the Pion and Muon Beam-
lines
Systematic effects on the measurement of w, occur when the muon beam injected and stored

in the ring has a correlation between the muon’s spin direction and its momentum. For
a straight beamline, by symmetry, the averaged muon spin is in the forward direction for
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all momenta muons. However, muons born from pion decay in a bending section of the
beamline will have a spin-momentum correlation, especially when the bend is used to make
a momentum selection. This is illustrated in Fig. 4.11. For E821 we had a 32 degree bend
with D1/D2 to select the pion momentum, and a 21 degree bend with D5 to select the muon
momentum. 57% of the pions were still left at the latter bend. A plot of the simulated muon
radial spin angle vs. momentum for the E821 beamline is shown in Fig. 4.12. The FNAL
experiment beamline bends are given in Table 4.2.

K1/K2

Figure 4.11: Cartoon of the E821 pion/muon beam going through D1/D2. The pions (blue
arrows) with momentum (1.01740.010) times the magic momentum pass through the K1/K2
collimator (green rectangles) slits. Some pions decay after the D1/D2 bend and the decay
muons (red arrows) pass through the collimator slit. These muons may have approximately
magic momentum, and finally are stored in the muon storage ring. The muon spin direction
will then be correlated with it’s momentum.

Table 4.2: FNAL beamline horizontal bends.

Bend Pions left | dp/p Purpose
3 degree 96% +10% | Pion momentum selection
19 degree 41% +2% M2 to M3
Delivery Ring (DR) 18% +2% Remaining pions decay
After DR <1073 +1% | Muon momentum selection

The systematic effect is calculated from:

d@spin d@spin dp
= — 4.2
< dt > < dp dt> (4.28)

where dp/dt occurs because the muon lifetime in the lab frame is gamma times the rest
frame lifetime. This gave an E821 beamline “differential decay” systematic effect on the
measurement of w, of 0.05ppm, which was sufficiently small for E821 that we didn’t need to
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Figure 4.12: Simulation from Hugh Browns BETRAF program of the spin-momentum cor-
relation of muons entering the E821 storage ring, i.e., at the end of the inflector magnet
(symbols). The red line is linear fit to data points.

correct for it. We plan to reduce the E821 systematic error from 0.3ppm to 0.1ppm in the
FNAL experiment.

The design philosophy for the FNAL beamline is significantly different from that of E821.
For E821 we had a beamline whose length was about the pion Sycr, so to minimize the pion
“flash” we selected (1.017 £ 0.010) times the magic momentum pions after the target and
then selected (1.0 £ 0.005) times the magic momentum just before the muon storage ring.
For the FNAL beamline, effectively all the pions will have decayed before the muon storage
ring. The pion momentum selection right after the target is only a 3 degree bend and
selects £10% in momentum. The capture probability Y. for the long straight section of
the beamline is shown in Fig. 4.13. With +£10% momentum acceptance, the pions which are
headed for the low momentum side of the beamline acceptance (see Fig. 4.11) can not give
a magic momentum muon. The pions which are headed for the high momentum side of the
beamline acceptance will be very inefficient in giving a magic momentum muon. Note that
this is suggested by Fig. 4.13, but we haven’t yet done the FNAL beamline simulation in the
bending regions. For later bends, a larger fraction of the pions will have decayed prior to
the bend compared to E821 (see Table 4.2). We believe this bending section of the beamline
systematic error will be less or equal the E821 error, but we haven’t properly simulated it
yet. The timeline for the simulation calculation is given in the next section.

Another systematic effect comes when the muons go around the delivery ring (DR). The
cyclotron and anomalous magnetic moment frequencies are:

We = — WA —— (4.29)

The former is exact while the latter is good to the sub-ppm level. The “spin tune” is
then:
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Figure 4.13: Parametric phase space calculation of the 7y capture probability in the straight
section of the FNAL pion decay channel. The muons have the magic momentum 40.5%.

Wa,
Qspin = ; ~ avy (430)

C

The spin-momentum correlation after seven turns in the DR, is shown in Fig. 4.14. The
slope is less than the slope shown in Fig. 4.12. Of course, Fig. 4.14 is exact, but the energies of
the muons in the storage ring are different from their energies in the DR due to the material
the beam passes through between the DR and the storage ring. Once the simulation is
complete, we will correct our measured value of w, for the beamline differential decay effect.

Such correlations also couple to the lost muon systematic error. For E821, the differential
lost muon rate was about 1073 per lifetime, while the differential decay rate was 1.2 x 1073
per lifetime. As discussed above, the FNAL differential lost muon rate will be less than 10~*
per lifetime.

4.5.1 Simulation plan and timeline

We are planning to study the beamline systematic errors independently in two ways, us-
ing phase-space calculations and tracking. The phase-space calculations were first used by
W.M. Morse for E821 [10]. In E989 the phase-space calculation were used to guide the
design of the beamline [11] and to estimate the muon capture probability in the straight
section for this document. While the phase-space method is approximation, it gives quick
insight into the problem and allows to make studies of an idealized beamline with required
characteristics without having the actual design of the beamline.

For tracking calculations several off-the-shelf accelerator packages have been considered,
TRANSPORT, TURTLE, DECAY TURTLE, MAD, TURTLE with MAD input. Suitable tracking pro-
gram for (¢ — 2) must be capable of i) describing decay of primary particles (pions) into
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Figure 4.14: Radial spin angle vs. momentum after seven turns in the DR.

secondary particles (muons) and transporting the secondary particles and 4i) transporting
spin through the beamline. It turned out that none of the existing programs can be used "as
is” for the studies of systematic errors in (g — 2). Some modification are needed of any of
the existing programs. Lack of the source code in some cases (DECAY TURTLE) makes imple-
mentation of the missing features impossible. Our current plan for tracking simulations is to
use the program G4Beamline for the following reason ) the program is well-supported and
is under active development, i) it is based on Geant4 toolkit which is widely used in physics
simulations, i) spin tracking has been recently implemented in Geant4, iv) the accelerator
team is planning to use G4Beamline for beamline simulations, therefore the input configu-
ration file for the (¢ — 2) beamline will be provided by the experts, v) the common ground
between G4Beamline and the downstream simulation program g2RingSim for the (g — 2)
storage ring will simplify the task of combining the two programs together for back-to-back
simulations.

Recently, a preliminary version of the G4Beamline for (g—2) was released with significant
boost in performance and bug fixes. The construction of the (¢ — 2) beamline model for
G4Beamline is in progress. Basing on our experience, we expect to get the results from
G4Beamline simulations in six months.

G4Beamline simulations for the straight section will be confronted with the phase space
simulation to cross-check the two codes. In parallel, we are planning to extend the phase
space method to the bending sections of the beamline (beamline elements with dispersion).

Finally, the production and collection of pions in the target station was simulated by
MARS (see section 7.4.1). We are planning to confront MARS and G4Beamline simulations of
the target station to cross-check the two codes.
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Chapter 5

Statistical and Systematic Errors for
E989

E989 must obtain twenty-one times the amount of data collected for E821. Using the T’
method (see Section 17.1.2) to evaluate the uncertainty, 1.8 X 10'! events are required in the
final fitted histogram to realize a 0.10 ppm statistical uncertainty. The systematic errors on
the anomalous precession frequency w,, and on the magnetic field normalized to the proton
Larmor frequency w,, must be reduced by a factor of three, down to the £0.07 ppm level.
E989 will have three main categories of uncertainties:

e Statistical. The least-squares or maximum likelihood fits to the histograms describing
decay electron events vs. time in the fill will determine w,, the anomalous precession
frequency. The uncertainty dw, from the fits will be purely statistical (assuming a good
fit). A discussion of the fitting sensitivity using various weighting schemes is given in
Chapter 17, Section 17.2. The final uncertainty depends on the size of the data set
used in the fit, which in turn depends on the data accumulation rate and the running
time. These topics are discussed here.

e w, Systematics. Additional systematic uncertainties that will affect dw, might be
anything that can cause the extracted value of w, from the fit to differ from the true
value, beyond statistical fluctuations. Categories of concern include the detection sys-
tem (e.g., gain stability and pileup immunity discussed in Chapter 17), the incoming
beamline (lost muons, spin tracking), and the stored beam (coherent betatron oscilla-
tions, differential decay, E and pitch correction uncertainties). These latter topics are
discussed in Chapter 4.

e w, Systematics. The magnetic field is determined from proton NMR in a procedure
described in Chapter 16. The uncertainties are related to how well known are the
individual steps from absolute calibration to the many stages of relative calibration
and time-dependent monitoring. The “statistical” component to these measurements
is negligible.

The purpose of this chapter is twofold. First, we summarize the event-rate calculation from
initial proton flux to fitted events in the final histograms in order to determine the running

87



2217

2218

2219

2220

2221

2222

2223

2224

2225

2226

2227

2228

2229

2230

2231

2232

2233

2234

2235

2236

2237

2238

2239

2240

2241

2242

2243

2244

2245

2246

2247

2248

2249

2250

2251

2252

2253

2254

2255

2256

88 STATISTICAL AND SYSTEMATIC ERRORS FOR E989

time required to meet the statistical goals of the experiment. We also gather the results of
many systematic uncertainty discussions that are described in various chapters throughout
this document and roll up the expected systematic uncertainty tables for E989.

5.1 Event Rate Calculation Methodologies

The E989 Proposal [1] event-rate estimate was made by making a relative comparison
approach using like terms with respect to the known situation for rates in the E821 BNL
experiment. Many factors allow for trivial adjustments (proton fills per second, kinematics
of the decay line length, kinematics of the decay line capture), while others rely on expected
improvements in specific hardware components (optimized storage ring kicker pulse shape
and magnitude, open-ended inflector, thinner or displaced Q1 outer plate and standoffs).
In E821, the transmission through the closed-ended inflector and subsequently through the
Q1 outer plates, followed by an imperfect kick, combined to give a sub-optimal storage ring
efficiency factor, but individually the contributions from each element are not known as
well as their product. However, we can deduce the realized E821 stored muon fraction with
some uncertainty compared to the incoming muon beam intensity by knowing the stored
muon rate as determined from the data rate in the detectors. For E989, each of these beam-
storage elements is being optimized and detailed simulations have been made to estimate
the transmission and storage ring efficiency product under a number of scenarios regarding
proposed upgrades or replacements of components. We choose an intermediate value for the
purposes of estimating the event rate.

Section 5.1.2 provides a new, bottom up calculation of the event rate in which each
factor from pion production to measured positrons is individually studied or measured to
obtain the final event rate. Chapter 8 outlines the progress in our end-to-end simulation effort
of flux and storage rates, essentially the accelerator complex, the inflector, the quadrupoles,
and the kicker influence. The detector efficiency and response are described in Chapter 17.

5.1.1 Event Rate by a Relative Comparison to E821

Table 5.1 contains a sequential list of factors that affect the event rate from proton on target
to events in the final histogram. It is modified, where appropriate, compared to the 2010
Proposal based on new information and studies to date.

A pion production calculation using MARS was made to estimate the number of 3.1 GeV /¢
pions emitted into the accepted phase space of the AP2 line. From this point, a conserva-
tive approach was to compare known factors between the muon capture and transmission
at Fermilab to those same factors at BNL. Many of the factors are relatively trivial to com-
pute, while others rely on our detailed Decay Turtle simulations of the BNL lattice and
modifications of this lattice for Fermilab. We are in the process of a complete end-to-end
calculation of the beamline, but this work will take additional time. In the comparison to
BNL approach, we find the important increase of stored muons per incident proton of 11.5,
assuming an improved kicker and an open-ended inflector. We require a factor of at least 6
for an experiment that can be done in less than 2 years. We use the factor of 6 in our beam
estimates, thus building in ~ 100% contingency from the beginning. We expect to require
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2 months of setup time with beam to tune various subsystems prior to “good” data taking.
We expect to use an integrated additional 2 months of beam time, devoted to systematic
studies. These periods will be distributed throughout the data collection period. We assume
a 75% uptime factor for the efficiency of data taking during normal running. The down time
includes the accelerator complex inefficiency (unknown to us for this new operation) and the
time to be spent mapping the magnet with the trolley (mapping will take place whenever the
accelerator is down or will interrupt data taking periodically if the uninterrupted machine
uptime exceeds 2 days. Mapping will take approximately 3 hours. The origin of each factor
in Table 5.1, is explained in a series of notes following the Table.

Table 5.1: Event rate calculation using known factors and a comparison to the realized stored
muon fraction at BNL. This table has been updated compared to the 2010 E989 Proposal.

Item Value Rates | Note
Booster cycle (BC) - 15 Hz operation 1.33 s/BC 0.75 BC/s 1
Proton Batches to g—2 4/BC 3 batch/s 2
Proton Bunches — fill 4 /batch 12 fill/s 3
Protons on target 102 p/bunch | 1.2 x10¥ p/s | 4
BNL realized stored 11/p efficiency 1 x107° pu/p 5
FNAL estimated p/p improvement factor 6 6000 p/fill 6
Positrons accepted with £ > 1.8 GeV 0.15 720 e /fill 7
Positrons with ¢t > 30 us 0.63 567 e /fill 8
Number of fills for 1.8 x 10! events 3.17 x 10°® fills - 9
DAQ and experiment production uptime 0.75 - 10
Time to collect statistics 14 months - 11
Beam-on commissioning 2 months - 12
Dedicated systematic studies periods 2 months — 13
Net running time required 18 months - 14

The following notes explain entries in Table 5.1 and make comparisons to what was
assumed in the E989 Proposal:

1. 15 Hz Booster operation, as described in Section 7.1, remains a valid assumption.

2. Neutrino program uses 12 out of 20 batches; 8 out of 20 are in principle available, but
preparation of the 4 separated bunches of proton in the Recycler requires two Booster
cycles. Therefore, only 4 of the 8 can be used. This is a change compared to the
Proposal, which assumed 6/8 were useable.

3. Subdivision in Recycler of each batch into 4 “bunches” with roughly equal intensity
of ~ 1 x 10" p/bunch. Each is extracted separately with ~ 12 ms spacing and each
initiates a storage ring “fill.”

4. Expected proton intensity per Bunch, or per fill, striking target.

5. Measured stored muon fraction per 24-GeV proton on target at BNL per 10'2 p (Tp).
This number rolls up individual factors including the FODO line length, the non-
forward muon acceptance used to minimize the hadronic flash, the transmission through
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the closed-ended inflector, the losses in the outer Q1 quadrupole plate and standoffs,
and the sub-optimal storage ring kicker efficiency

Improvement factor estimated by comparing to the known situation at BNL. We arrive
at the following factors: x0.4 for the reduced pion yield; x1.8 for the AP2 line with
smaller beta function; x2 for the longer decay channel; x3 for the forward decay
optimal muon tune; x1.33 for opening up the pion momentum acceptance; x2 for the
open inflector and improved kicker = 11.5. We use a factor of 6 to be conservative,
demonstrating that the experiment can be completed in under two years of net running
time even if one of these projected upgrades is not realized.

. Monte Carlo acceptance of 15% for events with energy above 1.8 GeV and striking the

front face of one of the 24 calorimeter stations.

Fit starting at 30 ps; the factor of 0.63 represents those muons that have not yet
decayed, given a 64.6 us muon lifetime in the ring.

Required number of fills to obtain the full statistical precision.

Estimate of the uptime for the experiment and accelerator complex during steady-
state data production running. Downtime will occur from accelerator issues related to
the new operational modes and to routine maintenance and servicing; time required
by the experiment to run trolley field mapping program (typically 3 h / 2 days),
and ordinary DAQ and experimental issues requiring intervention. This is a slightly
aggressive number.

Estimate of 2 months to commission the new experiment and machine operation se-
quence. This is based, in part, on past experience at BNL, and allowing for the new
configuration at FNAL.

Estimate of periodic dedicated systematic study weeks during data taking periods.
These are crucial to establish uncertainties, but this data typically will not be included
in the final statistics.

Net data taking in months.
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5.1.2 Bottom-Up Event Rate Calculation

Table 5.2 contains a sequential list of factors that affect the event rate based on a bottom-up
approach. The beamline momentum bite is set at dp/p = 2% all the way to the inflector.
This is wider than the E821 line and much wider than the acceptance of the storage ring
(~ £0.15%). However, the calculation to date on the muon capture fraction used 0.5% from
a wide pion momentum bite. Thus, we include that here. As in the previous section, the
last column points to a list of Notes that explain the individual entries. The following notes

Table 5.2: Event rate calculation using a bottom-up approach.

Item Estimate | Chapter | Note
Protons per fill on target 102 p 7.3 1
Positive-charged secondaries with dp/p = £2% 4.8 x 107 7.4.1 2
7T fraction of secondaries 0.48 7.4.1 2
7T flux entering FODO decay line > 2 x 107 7.4.1 2
Pion decay to muons in 220 m of M2/M3 line 0.72 - 3
Muon capture fraction with dp/p < +0.5% 0.0036 8 4
Muon survive decay 1800 m to storage ring 0.90 - 5)
Muons flux at inflector entrance (per fill) 4.7 x 104 - 5
Transmission and storage using (dp/p), = £0.5% 0.10£0.04 11.5.1 6
Stored muons per fill (4.7+1.9) x 103 - 6
Positrons accepted per fill (factors 0.15 x 0.63) 444 + 180 - 7
Number of fills for 1.8 x10'! events (4.1 4+ 1.7) x 10® fills - 8
Time to collect statistics (13 £ 5) months - 8
Beam-on commissioning 2 months - 9
Dedicated systematic studies periods 2 months - 10
Net running time required 17 & 5 months - 11

explain entries in Table 5.2:

1.

2.

Same starting point as in Table 5.1.

MARS calculation, backed up with 2012 measurement. Assumes improved proton
spot size on target to 0.15 mm, which increases the yield by 40 — 60% compared to
the measured rates at 0.5 mm spot size. Assumes 40-mm-mr emittance. Measurement
verifies yield of positive particles. Simulation shows that 45% of them are pions. The
target yield could increase by 14 — 22% if the target geometry were further optimized,;
see Fig. 7.10 and the text in that section.

Pion decay length = 173 m. M2 line = 115.6 m; M3 = 96.7 m; use 220 m total.

Preliminary fraction based on a phase Space simulations assuming pion emittance =
beam admittance = 40 mm mrad both in x and y; pions fill the phase space uniformly;

muon momentum: pPragic = 0.5%; These studies are being repeated using full Monte
Carlo with G4Beamline. See Tishchenko and Morse, DocDB 895.
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Transmission to storage ring; survive 1800 m; (¢fy7), = 19280m.

Average results from studies of transmission through the inflector, through the outer
Q1 quadrupole and standoffs, and then kicked onto orbit and stored. The kicker is
assumed to be perfect and that its kick width covers the entire incoming pulse train
(to be determined). The inflector is modeled as having either closed ends, as in the
present E821 inflector that will be used initially, or as open-ended, meaning a material
free version of the same device (see Chapter 11). Additional studies look at not only an
open inflector, but also one with a larger horizontal beam aperture. We do not include
that here. The Q1 and standoff intercept the incoming beam. If they were massless,
a greater fraction of muons is stored. Plans are in place to reduce mass and move the
standoffs. The transmission fraction for a 0.5% dp/p muon beam ranges from 6.5% to
14.5% depending on mass options used for inflector and Q1. We take a central value
of 10% here and propagate the range of uncertainty, which depends on what will be
built. The simulation is described in 8.4.

Monte Carlo acceptance of 15% for events with energy above 1.8 GeV and striking the
front face of one of the 24 calorimeter stations and assume fit can be started at 30 us;
factor 0.63.

Required number of fills to obtain the full statistical precision.

Estimate of the uptime for the experiment and accelerator complex during steady-state
data production running. Downtime will occur from accelerator issues related to the
new operational modes and to routine maintenance and servicing; time required by the
experiment to run trolley field mapping program (typically 3 h / 2 days), and ordinary
DAQ and experimental issues requiring intervention. This is a slight aggressive number.

Estimate of time to commission the new experiment and machine operation sequence.
This is based, in part, on past experience at BNL, and allowing for the new configura-
tion at FNAL.

Estimate of periodic dedicated systematic study weeks during data taking periods.
These are crucial to establish uncertainties, but this data typically will not be included
in the final statistics.

Net data taking in months.
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5.2 w, systematic uncertainty summary

Our plan of data taking and hardware changes addresses the largest systematic uncertainties
and aims to keep the total combined uncertainty below 0.07 ppm. Experience shows that
many of the “known” systematic uncertainties can be addressed in advance and minimized,
while other more subtle uncertainties appear only when the data is being analyzed. Because
we have devised a method to take more complete and complementary data sets, we antici-
pate the availability of more tools to diagnose such mysteries should they arise. Table 5.3
summarizes this section.

Table 5.3: The largest systematic uncertainties for the final E821 w, analysis and proposed
upgrade actions and projected future uncertainties for data analyzed using the T method.
The relevant Chapters and Sections are given where specific topics are discussed in detail.

Category E821 | E989 Improvement Plans Goal | Chapter &
[ppm] [ppm)] Section

Gain changes | 0.12 | Better laser calibration

low-energy threshold 0.02 17.3.1
Pileup 0.08 | Low-energy samples recorded

calorimeter segmentation 0.04 17.3.2
Lost muons 0.09 | Better collimation in ring 0.02 14.4
CBO 0.07 | Higher n value (frequency)

Better match of beamline to ring | < 0.03 14.3.1
E and pitch 0.05 | Improved tracker

Precise storage ring simulations 0.03 14.3.2
Total 0.18 | Quadrature sum 0.07

5.3 w, systematic uncertainty summary

The magnetic field is mapped by use of NMR probes. A detailed discussion is found in Chap-
ter 16. In Table 5.4 we provide a compact summary of the expected systematic uncertainties
in E989 in comparison with the final achieved systematic uncertainties in E821. The main
concepts of how the improvements will be made are indicated, but the reader is referred to
the identified text sections for the details.
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Table 5.4: Systematic uncertainties estimated for the magnetic field, w,, measurement. The
final E821 values are given for reference, and the proposed upgrade actions are projected.
Note, several items involve ongoing R&D, while others have dependencies on the uniformity
of the final shimmed field, which cannot be known accurately at this time. The relevant
Chapters and Sections are given where specific topics are discussed in detail.

Category E821 | Main E989 Improvement Plans Goal | Chapter
[ppm] [ppm]
Absolute field calibra- | 0.05 | Special 1.45 T calibration magnet | 0.035 | 16.4.1
tion with thermal enclosure; additional
probes; better electronics
Trolley probe calibra- | 0.09 | Plunging probes that can cross cal- | 0.03 16.4.1
tions ibrate off-central probes; better po-
sition accuracy by physical stops
and /or optical survey; more frequent
calibrations
Trolley measurements | 0.05 | Reduced position uncertainty by fac- | 0.03 16.3.1
of By tor of 2; improved rail irregularities;
stabilized magnet field during mea-
surements™
Fixed probe interpola- | 0.07 | Better temperature stability of the | 0.03 16.3
tion magnet; more frequent trolley runs
Muon distribution 0.03 | Additional probes at larger radii; | 0.01 16.3
improved field uniformity; improved
muon tracking
Time-dependent exter- - Direct measurement of external | 0.005 16.6
nal magnetic fields fields; simulations of impact; active
feedback
Others 0.10 | Improved trolley power supply; trol- | 0.03 16.7
ley probes extended to larger radii;
reduced temperature effects on trol-
ley; measure kicker field transients
Total systematic error | 0.17 0.07 16
on wy

*Improvements in many of these categories will also follow from a more uniformly shimmed

main magnetic field.

fCollective smaller effects in E821 from higher multipoles, trolley temperature uncertainty
and its power supply voltage response, and eddy currents from the kicker. See 16.7.
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Chapter 6

Civil Construction Off-Project

The experimental hall is funded as a General Plant Project (GPP), as part of the Muon
Campus Program. The beamline and tunnel from the delivery ring to the hall are separate
GPP and Accelerator Improvement Projects (AIP). The locations of the buildings on the
muon campus is shown in Fig. 6.1.

6.1 The MC1 Building

The muon storage ring will be located in the MC-1 Building on the Muon Campus, which
is shown in Fig. 6.2. While it is a general purpose building, the design and features are
extremely important to the success of E989. The principal design considerations are a very
stable floor, and good temperature stability in the experimental hall. Both of these features
were absent at Brookhaven, and presented difficulties to the measurement of the precision
field. This design will serve E989, and subsequent experiments well. One portion of the MC1
building will house beamline power supplies and cryo facilities for the two initial experiments
on the muon campus: (g — 2) and MuZ2e.

The floor in the experimental area will be reinforced concrete 2’ 9” (84 c¢m) thick. The
floor is 12’ below grade. Core samples show that the soil at the location is very compacted,
the floor settling is expected to be about 0.25” fully loaded.

This floor will be significantly better than the floor in Building 919 at Brookhaven, where
the ring was housed for E821. That floor consisted of three separate pieces: a concrete spine
down the middle of the room, with a concrete pad on each side of the spine. Thus the
foundation of the ring will be much more mechanically stable than it was at BNL.

Even more important is the temperature stability available in MC-1. The HVAC system
will hold the temperature steady to +2° F during magnet operation and data collection. This
stability, combined with thermal insulation around the magnet will minimize the changes in
the field due to temperature changes in the experimental hall.

A floor plan of MC-1 is shown in Fig. 6.3. The experimental hall is 80’ x 80" with a
30 ton overhead crane. The loading dock in the lower left-hand corner is accessed through
the roll-up door labeled in Fig. 6.2 . Unlike in BNL 919, the crane coverage is significantly
larger than the storage-ring diameter, simplifying many tasks in assembling the ring.

A detailed MC-1 document is available from FESS, titled “MC-1 Building”, dated March

97
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X

J Delivery Ring

Figure 6.1: The layout of the Muon Campus, which lies between the former Antiproton
Rings and the Booster Accelerator. The locations of the (¢ — 2) and Mu2e experiments are
labeled.

2012.
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Figure 6.2: A rendering of the MC1 building.

99



CIVIL CONSTRUCTION OFF-PROJECT

100

[ et i S

0701 | 001"
- > *

I "
i

1

L

|
*

«0-02

N

o™

— 002
= s

Figure 6.3: The first-floor layout of the MC1 building.




2408

2409

2410

2411

2412

2413

2414

2415

2416

2417

2418

2419

2420

2421

2422

2423

2424

2425

Chapter 7

Accelerator and Muon Delivery

In order to achieve a statistical uncertainty of 0.1 ppm, the total (¢g—2) data set must contain
at least 1.8 x 10! detected positrons with energy greater than 1.8 GeV, and arrival time
greater than 30 us after injection into the storage ring. This is expected to require 4 x 10%
protons on target including commissioning time and systematic studies. For optimal detector
performance, the number of protons in a single pulse to the target should be no more than
10'% and the number of secondary protons transported into the muon storage ring should
be as small as possible. Data acquisition limits the time between pulses to be at least
10 ms. The revolution time of muons around the storage ring is 149 ns, and therefore the
experiment requires the bunch length to be no more than ~100 ns. Systematic effects on
muon polarization limit the momentum spread dp/p of the secondary beam. Requirements
and general accelerator parameters are given in Table 7.1.

Parameter Design Value | Requirement | Unit
Total protons on target 2.3 x 10%° /year 4 x 10%° | protons
Interval between beam pulses 10 > 10 | ms
Max bunch length (full width) 120 (95%) < 149 | ns
Intensity of single pulse on target 1012 1012 | protons
Max Pulse to Pulse intensity variation +10 +50 | %
|dp/p| of pions accepted in decay line 2-5 2| %
Momentum of muon beam 3.094 3.094 | GeV/c
Muons to ring per 10'? protons on target | (0.5 — 1.0) x 10° | > 6000 stored | muons

Table 7.1: General beam requirements and design parameters.

7.1 Overall Strategy

The (g — 2) experiment at Fermilab is designed to take advantage of the infrastructure
of the former Antiproton Source, as well as improvements to the Proton Source and the
conversion of the Recycler to a proton-delivery machine. It is also designed to share as much
infrastructure as possible with the Mu2e experiment in order to keep overall costs low.
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The Antiproton Accumulator will no longer be in use, and many of its components will be
reused for the new and redesigned Muon beamlines. Stochastic cooling components and other
infrastructure no longer needed in the Debuncher ring will be removed in order to improve the
aperture, proton abort functionality will be added, and the ring will be renamed the Delivery
Ring (DR). The former AP1, AP2, and AP3 beamlines will be modified and renamed M1,
M2, and M3. The DR Accelerator Improvement Project (AIP) will provide upgrades to the
Delivery Ring. The Beam Transport AIP will provide aperture improvements to the P1, P2,
and M1 lines needed for future muon experiments using 8 GeV protons, including (g — 2).
The layout of the beamlines is shown in Fig. 7.1.

g-2
storage
ring

Linac

connect
Recycler
toP1

Figure 7.1: Path of the beam to (¢ — 2). Protons (black) are accelerated in the Linac and
Booster, are re-bunched in the Recycler, and then travel through the P1, P2, and M1 lines
to the AP0 target hall. Secondary beam (red) then travels through the M2 and M3 lines,
around the Delivery Ring, and then through the M4 and M5 lines to the muon storage ring.

The Proton Improvement Plan [1], currently underway, will allow the Booster to run at
15 Hz, at intensities of 4 x 102 protons per Booster batch. Following the completion of the
Accelerator and NuMI Upgrades (ANU) subproject at Fermilab to prepare for the NOvA
experiment [2], the Main Injector (MI) will run with a 1.333 s cycle time for its neutrino
program, with twelve batches of beam from the Booster being accumulated in the Recycler
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and single-turn injected into the MI at the beginning of the cycle. While the NOvA beam is
being accelerated in the MI, eight Booster batches will be available for experimental programs
such as (g —2) which use 8 GeV protons. The ANU subproject will also enable injection from
the Booster into the Recycler. Extraction from the Recycler to the P1 beamline, required
for (¢ — 2), will be implemented in the Beam Transport AIP.

Protons from the Booster with 8 GeV kinetic energy will be re-bunched into four smaller
bunches in the Recycler and transported through the P1, P2, and M1 beamlines to a target
at APO. Secondary beam from the target will be collected using a focusing device, and
positively-charged particles with a momentum of 3.11 GeV/c (£ ~ 10%) will be selected
using a bending magnet. Secondary beam leaving the target station will travel through the
M2 and M3 lines which are designed to capture as many muons with momentum 3.094 GeV /c
from pion decay as possible. The beam will then be injected into the Delivery Ring. After
several revolutions around the DR, essentially all of the pions will have decayed into muons,
and the muons will have separated in time from the heavier protons. A kicker will then be
used to abort the protons, and the muon beam will be extracted into the new M4 line, and
finally into the new M5 beamline which leads to the (g — 2) storage ring. Note that the M3
line, Delivery Ring, and M4 line are also designed to be used for 8 GeV proton transport by
the Mu2e experiment.

The expected number of muons transported to the storage ring, based on target-yield
simulations using the antiproton-production target and simple acceptance assumptions, is
(0.5 —1.0) x 10°. Beam tests were conducted using the existing Antiproton-Source config-
uration with total charged-particle intensities measured at various points in the beamline
leading to the Debuncher, which confirmed the predicted yields to within a factor of two [3].
More details are given in Sec. 7.4.1.

7.2 Protons from Booster

During the period when (g — 2) will take data, the Booster is expected to run with present
intensities of 4 x 10'2 protons per batch, and with a repetition rate of 15 Hz. In a 1.333 s
Main-Injector super cycle, twelve Booster batches are slip-stacked in the Recycler and then
accelerated in the MI and sent to NOvA. While the Main Injector is ramping, a time corre-
sponding to eight Booster cycles, the Recycler is free to send 8 GeV (kinetic energy) protons
to (¢ —2). The RF manipulations of beam for (¢ — 2) in the Recycler (Sec. 7.3.1) allow
(g — 2) to take four of the eight available Booster batches. Figure 7.2 shows a possible time
structure of beam pulses to (g — 2).

The following section describes improvements needed to run the proton source reliably
at 15 Hz.

7.2.1 Proton Improvement Plan

The Fermilab Accelerator Division has undertaken a Proton Improvement Plan (PIP) [1]
with the goals of maintaining viable and reliable operation of the Linac and Booster through
2025, increasing the Booster RF pulse repetition rate, and doubling the proton flux without
increasing residual activation levels.



2480

2481

2482

2483

2484

2485

2486

2487

2488

2489

2490

2491

2492

2493

2494

2495

2496

2497

2498

2499

104 ACCELERATOR AND MUON DELIVERY

. Begin cycle End cycle
Bunch length
of 1 pulse
120 ns 100Hz 30Hz
Pulse separation ' '
p Train propagation 920 ms
10 ms 97.8 ms B |
L A
N i 97.8 ms 822 ms
12 34 56 7 8 9 10 1112 13 14 15 16
Pulse #

Cycle length 1.33s
Figure 7.2: Time structure of beam pulses to (g — 2).

The replacement of the Cockroft-Walton pre-accelerator with a radio-frequency quadrupole
(RFQ) during the 2012 shutdown is expected to increase reliability of the pre-accelerator and
to improve beam quality.

The Booster RF solid-state upgrade is necessary for reliable 15 Hz RF operations. This
involves the replacement of 40-year-old electronics that are either obsolete, difficult to find, or
unable to run at the required higher cycle-rate of 15 Hz, and will allow for easier maintenance,
shorter repair times, and less radiation exposure to personnel. The solid-state upgrade will
be completed in 2013.

Refurbishment of the Booster RF cavities and tuners, in particular, cooling, is also nec-
essary in order to operate at a repetition rate of 15 Hz.

Other upgrades, replacements, and infrastructure improvements are needed for viable
and reliable operation. Efforts to reduce beam loss and thereby lower radiation activation
include improved methods for existing processes, and beam studies, e.g., aimed at finding
and correcting aperture restrictions due to misalignment of components.

The proton flux through the Booster over the past two decades and projected into 2016
based on expected PIP improvements is shown in Fig. 7.3.

The new PIP flux goal will double recent achievements and needs to be completed within
five years. Figure 7.4 shows both the increase in flux as well as planned users. The goal
of doubling the proton flux will be achieved by increasing the number of cycles with beam.
The intensity per cycle is not planned to increase.
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Booster Yearly and Total Integrated Protons
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Figure 7.3: Yearly and integrated proton flux (including PIP planned flux increase).
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Figure 7.4: Expectations for increases in the proton flux from the Proton Source needed for
future experiments.
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7.3 Recycler

The (g — 2) experiment requires a low number of decay positrons in a given segment of
the detector, and therefore requires that the full-intensity (4 x 10'2 protons) bunches be
redistributed into four bunches of 1 x 10'? protons. These bunches should be spaced no
closer than 10 ms to allow for muon decay and data acquisition in the detector. Because
the revolution time of muons in the (¢ — 2) ring is 149 ns, the longitudinal extent of the
bunches should be no more than 120 ns. The Recycler modifications needed to achieve these
requirements will be made under the Recycler AIP, and are described below.

7.3.1 Recycler RF

The proposed scheme for (g —2) bunch formation [4] uses one RF system, 80 kV of 2.5 MHz
RF. The design of the RF cavities will be based on that of existing 2.5 MHz cavities which
were used in collider running, but utilizing active ferrite cooling. The ferrites of the old
cavities and the old power amplifiers will be reused in the new system.

In order to avoid bunch rotations in a mismatched bucket, the 2.5 MHz is ramped “adi-
abatically” from 3 to 80 kV in 90 ms. Initially the bunches are injected from the Booster
into matched 53 MHz buckets (80 kV of 53 MHz RF), then the 53 MHz voltage is turned off
and the 2.5 MHz is turned on at 3 kV and then ramped to 80 kV. The first 2.5 MHz bunch
is then extracted and the remaining three bunches are extracted sequentially in 10 ms inter-
vals. The formation and extraction of all four bunches takes two Booster ticks or 133 ms.
This limits the (¢ — 2) experiment to using four of the available eight Booster ticks in every
Main-Injector super cycle.

Simulated 2.5 MHz bunch profiles are shown in Fig. 7.5. The 53 MHz voltage was ramped
down from 80 to 0 kV in 10 ms and then turned off. The 2.5 MHz voltage was snapped to
3 kV and then adiabatically raised to 80 kV in 90 ms. The maximum momentum spread is
dp/p = £0.28%. The overall efficiency is 95%, and 95% of the beam captured is contained
within 120 ns. Roughly 75% of the beam is contained in the central 90 ns and 60% in 50 ns.

Although the Recycler is not yet configured to do such RF manipulations, by using the
2.5 MHz coalescing cavities in the Main Injector, the proposed bunch-formation scheme was
tested with beam. In general, the agreement between simulations and data is very good.
For illustration, the comparison between the beam measurements and the simulations for
the case in which the 2.5 MHz voltage is ramped adiabatically from 3 to 70 kV in 90 ms is
shown in Fig. 7.6.

Extraction from the Recycler and primary proton beam transport will be described in
the beamline section, Sec. 7.5.
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Figure 7.5: Results of RF simulations: 2.5 MHz voltage curve (upper left), phase space
distribution (upper right), phase projection (lower left) and momentum projection (lower
right).
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Figure 7.6: Comparison of beam profile (left) with simulation (right) for the case in which
the 2.5 MHz voltage is ramped “adiabatically” from 3-70 kV in 90 ms. In both profiles, 95%
of the particles captured are contained within 120 ns.
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7.4 Target station

The (g — 2) production target station will reuse the existing target station that has been in
operation for antiproton production for the Tevatron Collider for 23 years, while incorpo-
rating certain modifications. The (g — 2) target station will be optimized for maximum 7+
production per proton on target (POT) since the experiment will utilize muons from pion
decay. Repurposing the antiproton target station to a pion production target station takes
full advantage of a preexisting tunnel enclosure and service building with no need for civil
construction. Also included are target vault water cooling and air ventilation systems, tar-
get systems controls, remote handling features with sound working procedures and a module
test area. Figure 7.7 shows the current target-station (vault) layout. The overall layout
of the target-vault modules will be unchanged from that used for antiproton production.
The major differences in design will include different primary and secondary beam energies,
polarity of the selected particles and pulse rate. Upgrades to pulsed power supplies, target
design, pulsed-magnet design and the target dump are all considered.
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Figure 7.7: Layout of the (g — 2) target station.

The production target station consists of five main devices: the pion production target,
the lithium lens, a collimator, a pulsed magnet, and a beam dump. Once the primary beam
impinges on the target, secondaries from the proton-target interaction are focused by the
lithium lens and then momentum-selected, centered around a momentum of 3.11 GeV/c, by
a pulsed dipole magnet (PMAG). This momentum is slightly above the magic momentum
needed to measure the muon anomalous magnetic moment in the downstream muon ring.
The momentum-selected particles are bent 3° into a channel that begins the M2 beamline.
Particles that are not momentum-selected will continue forward and are absorbed into the
target-vault dump. An overview of some of the required beam design parameters for the
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(g9 — 2) target system can be found in Table 7.2.

Parameter FNAL (g —2) 12 Hz
Intensity per pulse 102 p
Total POT per cycle 16 x 10'% p
Number of pulses per cycle 16
Cycle length 1.33 s
Primary energy 8.89 GeV
Secondary energy 3.1 GeV
Beam power at target 17.2 kW
Beam size o at target 0.15-0.30 mm
Selected particle Tt
|dp/p| (PMAG selection) 10%

Table 7.2: Beam parameters for the target station.

One significant difference the (g — 2) production target station will have from the an-
tiproton production target station is the pulse rate at which beam will be delivered to the
target station. The (¢ — 2) production rate will need to accommodate 16 pulses in 1.33 s
with a beam pulse-width of 120 ns. This is an average pulse rate of 12 Hz. The antiproton
production pulse rate routinely operated at 1 pulse in 2.2 s or 0.45 Hz. This will be a chal-
lenging factor that can drive the cost of the design since the lithium lens and pulsed magnet
will need to pulse at a significantly higher rate. Figure 7.2 shows a possible (g — 2) pulse
scenario for pulsed devices and timing for proton beam impinging on the target.

7.4.1 The (¢9—2) production target and optimization of production

The current default target to be used for the (g —2) experiment is the antiproton production
target used at the end of the Tevatron Collider Run II. This target should be able to produce
a suitable yield of approximately 107° 7 /POT within |dp/p| < 2%. This target design has
a long history of improvements for optimization and performance during the collider run.
The target is constructed of a solid Inconel 600 core and has a radius of 5.715 cm with a
typical chord length of 8.37 cm. The center of the target is bored out to allow for pressurized
air to pass from top to bottom of the target to provide internal cooling to the Inconel core.
It also has a cylindrical beryllium outer cover to keep Inconel from being sputtered onto
the lithium lens from the impinging protons. The target has a motion control system that
provides three-dimensional positioning with rotational motion capable of 1 turn in 45 s. This
target and the target motion system need no modifications or enhancements to run for the
(9 — 2) experiment. Figure 7.8 shows a drawing and a photo of the current target.

Beam tests were performed to measure the yield from this target in 2012 [3]. The in-
strumentation measured total number of charged particles and did not differentiate between
particle species. Plans are in place to repeat the test in 2013 using a Cherenkov counter to
measure the particle composition of the beam. The yield of positive 3.1-GeV secondaries



2584

2585

2586

2587

2588

2589

2590

2591

2592

2593

2594

2595

2596

2597

2598

2599

2600

2601

2602

2603

2604

2605

2606

2607

2608

2609

2610

110 ACCELERATOR AND MUON DELIVERY

Figure 7.8: Current default target to be used for the (g — 2) target station.

from 10'? 8-GeV protons on target measured in the beam test was almost a factor of four
higher than the 2.2 x 10% particles with |dp/p| < 10% and 407 mm mr emittance predicted by
MARS [6] simulations at the beginning of the AP2 line, and was about 60-80% of the number
predicted at the end of the AP2 line with |dp/p| < 2% and 357 mm mr. Extrapolated back
to the start of the AP2 line, that prediction is 4.8 x 107 positive secondaries. The spot size
of the beam on target was o, = 0, = 0.5 mm. As discussed later in this section and in the
beamlines section, we plan to reduce the spot size to 0.15 mm, which is expected to increase
the yield of particles with |dp/p| < 2% by 40-60%. The expected yield of positive 3.1-GeV
secondaries with |dp/p| < 2% exiting the target station will then be at least 4 x 10%, with
the simulation predicting 48% or 2 x 107 of these to be 7+’s.

Even though this target is thus expected to produce a reasonable yield of more than 10~°
7t /POT for the (g — 2) experiment, considerable effort has been put into investigating a
cost-effective, practical target design optimized for 3.11 GeV pion production. Simulations
have been conducted using MARS to determine the optimal parameters, including impinging
proton spot size at the target, target material, target length and thickness, and target orien-
tation [7]. A graphical representation of the target system as implemented in the MARS15
code is shown in Fig. 7.9.

The spot size of the beam on the target is an important parameter in determining the
pion yield. Initial values for the spot size were simply scaled from the o, = o, = 0.15 mm
size of the beam for 120 GeV antiproton production to o, = o, = 0.55 mm for 8.9 GeV.
Optimized results from the MARS simulations for the impinging-proton spot size can be seen
in Fig. 7.10. This plot shows the dependence of pion yield per POT on the beta function
at half distance into the target for the current default target. A reasonable range of expected
[’s which can be achieved is from 2.5 to 3.5 cm. The simulation result demonstrates that
if the spot size is reduced from the original 0.55 mm to 0.15 mm, a 40-60% increase in pion
production can be achieved [8] depending on 3. These modifications are not directly made
to the target station or target components but to the beamline just upstream of the target.
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Figure 7.9: Graphical representation of target system used in MARS for simulated yield
results.

Details of the beamline optics incorporating this optimization for pion yield can be found in
Sec 7.5.4.

Also, optimizations concerning parameters for the target material, target length, and
target width were also considered. First considered were optimizations to the target material.
Three materials were simulated: Inconel, tantalum and carbon. Figure 7.11 illustrates the
dependence of yield vs. 8 at the target for different materials with optimized lengths. Inconel
and carbon are shown to have higher yields than tantalum. These results, combined with
Fermilab’s long history of building antiproton targets with Inconel, make Inconel the favored
target material.

Next considering the dimensions of the target, Fig. 7.12a illustrates that a longer target
will produce higher yields, while Fig. 7.12b demonstrates a weak dependence on the target
thickness or radius. Therefore, the optimal pion production target may be a cylindrical rod
with a length of 89 mm and a radius of 0.6 mm. However, to favor a more practical target
design that will be able to be incorporated into the existing target mechanical and cooling
systems, horizontal slabs made of Inconel of various heights were simulated. The output of
the MARS simulation was then placed into G4beamline [9] in order to propagate particles
through the first four quadrupoles in the M2 beamline. Particles yields were tallied at the
end of these quadrupoles with appropriate acceptance cuts for the elements. Figure 7.13
shows the pion yield for two optimized horizontal slab targets one of height 0.60 mm and
the second of 0.75 mm. They are both approximately 107 mm long. Simulations for these
slab targets predict that a 22% and 14% gain in pion yield from optimized horizontal slabs
could be obtained, respectively.

The actual details for the design of the alternate target are currently being worked out.
However, it is preferred that the simulated horizontal slabs transition into target discs that
could be mounted on a stacked-disc style target incorporating the simulated dimensions. In
order to provide cooling to the target material, the target discs would be separated by discs
of low Z material like beryllium or aluminum. Figure 7.14 is a picture of a proposed design
of a target incorporating stacked target and cooling discs. The blue material represents discs
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Figure 7.10: MARS simulation result for dependence of pion yield on 3 for different target
spot sizes for a proton beam of emittance €, and secondary beam momentum spread
|dp/p| = 0.02 and emittance 4., = 40 mm mr.

of Inconel separated by the grey shaded areas which would be beryllium. One consideration
for operating with the stacked discs that are very thin, approximately 0.6 mm, is the need for
beam stability on the target. This may require improvements in upstream trim power sup-
plies to achieve appropriate stability. A prototype stacked-disc target could be constructed
and tested with beam to narrow and confirm the design of the alternate target if the default
target is determined to be inadequate.
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Figure 7.11: MARS simulation result for dependence of pion yield on /3 for different target
materials. The length of the target is proportional to the interaction length of the material.
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Figure 7.13: MARS/G4beamline predictions for number of pion secondaries from an Inconel
target making it to the upstream M2 line as a function of target slab length for a slab of
height 0.60 mm (with the upstream end of the target 56 mm from the lens focal point), a
slab of height 0.75 mm (with the upstream end of the target 67 mm from the lens focal
point), and the current target (assuming a chord length of 75 mm). The location of the
target for a given height slab was optimized to give maximum yield. The spot size of beam
on the target is taken to be 15 mm and the acceptance 40 mm mr. A thin target of length
107 mm is predicted to give an increase in yield of 14-22% over the existing target.
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Figure 7.14: Proposal for new (g — 2) target design utilizing stacked thin slabs of Inconel
(blue) separated by Beryllium (hashed grey). Target material air cooling channels are in the

middle of the target.
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7.4.2 Focusing of secondaries from the target

The lithium collection lens is a 1 c¢m radius cylinder of lithium that is 15 c¢m long and
carries a large current pulse that provides a strong isotropically focusing effect to divergent
incoming secondaries after the initial interaction of impinging particles with the target [10].
The lithium lens cylinder is contained within a toroidal transformer, and both lens and
transformer are water cooled. Figure 7.15 is a drawing of the lithium lens depicting (a) the
transformer and lens body, and (b) details of the lithium cylinder.

Figure 7.15: Drawing of the lithium lens and transformer (a) and the lithium cylinder body

(b).

During antiproton production for the Collider Run II, the lens pulsed at a peak current
of 62 kA, which is equivalent to a gradient of 670 T/m at 8.9 GeV/c with a base pulse
width of 400 ps. Scaling the lens gradient for use at 3.11 GeV/c for (¢ — 2) and in order
to accommodate a similar range of focal lengths from the target to the lens of roughly
28 cm, the gradient required will be 230 T/m at a pulsed peak current of 22 kA with the
same 400 ps pulse width. Table 7.3 provides an overview of required operating parameters.
Accommodating the (¢ — 2) 12 Hz average pulse rate for the lithium lens is one of the
biggest challenges and concerns for repurposing the antiproton target station for (g — 2).
Even though peak current and gradient will be reduced by a factor of about 3, the pulse
rate will increase by a factor of 24 compared to the operation for antiproton production.
Resistive and beam heating loads, cooling capacity, and mechanical fatigue are all concerns
that are warranted for running the lithium lens at the (g — 2) repetition rate.

Lens operation Pulse width | Peak current | Gradient | Pulses per day
(ps) (kA) | (T/m)

Antiproton production 400 62.0 670 38,880

(g9 — 2) pion production 400 22.6 230 1,036,800

Table 7.3: Lithium lens operation parameters.

Therefore, in order to gain confidence that the lens will be able to run under these
conditions, a preliminary ANSYS [11] analysis has been conducted. This analysis simulated



2666

2667

2668

2669

2670

2671

2672

2673

2674

2675

2676

2677

2678

2679

2680

2681

2682

2683

2684

2685

2686

2687

2688

2689

2690

116 ACCELERATOR AND MUON DELIVERY

thermal and mechanical fatigue for the lens based on the pulse timing scenario in Fig 7.2
and at a gradient of 230 T /m. These results were compared to results from a similar analysis
for the lens operating under the antiproton-production mode of a gradient of 670 T/m at a
pulse rate of 0.5 Hz [12]. Figure 7.16 (left) shows the ANSYS output thermal profile of a
cutaway of the lens operating at 12 Hz. The lithium body corner is a temperature-sensitive
location and should avoid lithium melting temperatures of 453.75 K. The corner temperature
reaches a maximum temperature of 376 K. The plot on the right of Fig. 7.16 is the increase in
maximum temperature of the lithium over the 16 pulses, depicting a change in temperature
of 22 K when the operating temperature has come to equilibrium. We conclude from this
analysis that the lithium lens is adequately cooled to operate at the nominal (¢ — 2) pulse
rate.

390

3.5

Temperature (K)

[": 230 T/m

2 =—=———1| E B — 58.65 58.75 58.85 58.95 59.05 59.15

295 - 325 i 355 5 385 = 415 S 58.7 58.8 58.9 59 59.1

G-2_105 Thermal — Cluster 46 Pulse 16  Step 17 o - Time (s)

Figure 7.16: Simulated thermal profile from ANSYS for the lens operating at an average
pulse rate of 12 Hz (left) depicting little beam heating and a corner temperature of 376 K.
(Right) Plots showing lens temperature increase over the 16 pulses.

Mechanical fatigue was also assessed for the lithium lens. Figure 7.17 depicts a constant
life fatigue plot developed for the lens from the ANSYS analysis. The two red lines represent
upper and lower estimates of fatigue limits for the lens material. The red data points
represent fatigues for gradients of 1000 T/m, 670 T/m, and two points at 230 T/m for a
preload pressure of 3800 and 2200 psi, respectively. For the lens operating in the antiproton
production conditions of 670 T/m, the mechanical fatigue was a large concern in the lens
design. It appears that for the (g — 2) case, the mechanical fatigue will be a comparatively
small concern.

This initial assessment of the lithium lens suggests that is should be able to operate at
the (g — 2) repetition rate. However, since the operation of the lithium lens at the average
12 Hz rate is crucial, testing of the lens at 12 Hz is needed. The lens has been pulsed in a
test station at a 12 Hz rate in order to confirm that 1M pulses per day can be achieved and
sustained over many months. The lens has been pulsed 70 million times without problems,
and data from these tests were used to confirm predictions of the ANSYS model.
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Ti-6Al-4V: Constant-life diagram for (o + ) annealed bar
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Figure 7.17: Constant-life fatigue plot of the lithium lens for antiproton and (g — 2) modes
showing that mechanical fatigue for the (¢ — 2) pulse rate is a small concern.
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7.4.3 Pulsed magnet (PMAG) and collimator

The pulsed magnet, shown in Fig. 7.18; selects 3.115 Gev/c positive particles and bends
them 3° into the channel that begins the M2 beamline. The magnet will operate with a
field of 0.53 T and is a 1.07 m long magnet with an aperture of 5.1 cm horizontally and
3.5 cm vertically. It is a single-turn magnet that has incorporated radiation-hard hardware
such as ceramic insulation between the magnet steel and the single conductor bars, as well
as Torlon-insulated bolts [10]. The pulsed magnet has a typical pulse width of 350 us and
similarly to the lithium lens, will need to accommodate the (¢ — 2) pulse rate shown in
Fig. 7.2. The pulsed magnet is water cooled. In addition to the magnet currently in the
target vault, there are three spares.

e i
Dot Rugg
§§§§§§§§§§§ﬂ

Figure 7.18: Pulsed magnet (PMAG) used for momentum-selection of pions.

One initial concern regarding the pulsed magnet was that while operating in the polarity
needed to collect positive secondaries, the magnet would have an increase in energy deposited
in the downstream end of the magnet compared to antiproton production where negative
secondaries were collected. An increase in energy deposition could potentially lead to magnet
failures, and therefore running with positive polarity might require a redesign of the magnet.
A MARS simulation was conducted to look at the energy deposition across the entire pulsed
magnet compared to the antiproton production case. The simulated magnet was segmented
in order to highlight sensitive areas. The simulation concluded that although the map of
energy deposition for the positive particle polarity with 8-GeV protons on target was different
than for the antiproton production case (120-GeV protons on target), there were no locations
where the deposited energy was higher, and the total was an order of magnitude lower [13].
The negative particle polarity case was more than two times lower for 8-GeV primary beam
than for 120-GeV. Therefore a new pulsed magnet design will not needed and the default
plan is to use the device currently installed.

In order to accommodate the (g — 2) pulse rate, the pulsed magnet power supply will
also need to be modified or replaced with one similar to the new supply for the lithium lens
with improved charging capability.

The collimator is located directly upstream of the pulsed magnet. The purpose of the
collimator is to provide radiation shielding to the pulsed magnet to improve its longevity. It
is a water-cooled copper cylinder 12.7 cm in diameter and 50.8 ¢m long. The hole through
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the center of the cylinder is 2.54 cm diameter at the upstream end, widening to a diameter
of 2.86 cm at the downstream end. The existing collimator is currently planned to be used
without modification.

7.4.4 Target station beam dump

The target-station beam dump absorbs particles which are not momentum-selected by the
pulsed dipole magnet and continue straight ahead. The location of the beam dump can be
seen in Fig. 7.19. The current beam dump has a graphite and aluminum core which is water
cooled, surrounded by an outer steel box. The graphite core is 16 cm in diameter and 2 m
in length, and is designed to handle a beam power of 80 kW [14]. The existing dump has
a known water leak that developed at the end of the collider run. Therefore, consideration
for replacing the beam dump will need to be made. The current plan is to replace the beam
dump with an updated copy of the 80 kW beam dump. The maximum beam energy load
for (¢ — 2) would occur if (g — 2) takes advantage of extra cycles, for example if the NOvA
experiment were not able to run. At a rate of 18 Hz, the beam energy load would be 25 kW,
which is easily accommodated with the current dump design.
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Figure 7.19: Layout of the target-station beam dump.
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An alternative, shorter dump was also considered and designed at an operating capacity
of 25 kW. This design resulted in a copper cylinder 2 ft long and 6 in in diameter, with
copper cooling tubes vacuum-brazed around the outside of the cylinder. The cost was found
to be similar to that of replacing the dump with a copy of the current 80-kW one.



2740

2741

2742

2743

2744

2745

2746

2747

2748

2749

2750

2751

2752

2753

2754

2755

2756

2757

2758

2759

2760

2761

2762

2763

2764

2765

2766

2767

2768

2769

2770

2771

2772

2773

2774

2775

2776

2777

2778

2779

2780

120 ACCELERATOR AND MUON DELIVERY
7.5 Beam Transport Lines

7.5.1 Overview of (g — 2) beamlines

The existing tunnel enclosures and beamlines connecting the Recycler Ring to the Delivery
Ring will be largely reused for (g — 2) operation. However, there are fundamental differences
between the way the Rings and beamlines were operated for Collider Operation and how
they will be used to support the Muon Campus. A high-intensity, 8 GeV kinetic energy
proton beam will be transported to the AP0 Target Station in (g — 2) operation and to the
Delivery Ring for the Mu2e experiment. The increase in intensity from Collider Operation in
conjunction with the beam size of the 8 GeV beam will present challenges for efficient beam
transfer. The beamlines downstream of the AP0 Target Station will need to be reconfigured
to connect to the D30 straight section of the Delivery Ring. New extraction lines will
be constructed to transport beam from the D30 straight section to the (¢ — 2) and Mu2e
experiments. Careful planning is required for the D30 straight section of the Delivery Ring
due to the presence of both the injection and extraction points. The extraction line will also
need to support both single-turn extraction for (¢ — 2) and resonant extraction for Mu2e.

7.5.2 Beamline Changes from Collider Operation

During Pbar operation in Collider Run II, the P1 line connected to the Main Injector at
the MI 52 location. The P1 line supported operation with three different beam energies,
150 GeV for protons to the Tevatron, 120 GeV for Pbar production and SY120 operation,
and 8 GeV for protons and antiprotons to and from the Antiproton Source. (SY120 refers
to the “Switchyard” of beamlines used for the 120-GeV fixed-target program.) The junction
between the P1 and P2 lines occurs at FO in the Tevatron enclosure. The P2 line ran at
two different beam energies, 120 GeV for antiproton production and SY120 operation and
8 GeV for protons and antiprotons to and from the Antiproton Source. The P2, P3 (for
SY120 operation), and AP1 lines join at the F17 location in the Tevatron enclosure. The
AP1 line also operated at 120 GeV and 8 GeV, but is not used for SY120 operation. The
AP3 line only runs at a kinetic energy of 8 GeV. The AP3 line connects with the AP1 line
in the Pre-Vault beam enclosure near the Target Vault and terminates at the Accumulator.

After the conversion from collider to NOvA and (g — 2) operation, the Recycler will
become part of the proton transport chain and will connect directly with the Booster. There
will be a new beamline connection between the Recycler Ring and the P1 line. The P1 line
will become a dual energy line, with no further need to deliver 150 GeV protons with the
decommissioning of the Tevatron. The P2 line will continue to operate at both 8 GeV for
the Muon experiments and 120 GeV for SY120 operation. The AP2 and AP3 lines will need
to be almost completely dismantled and reconfigured to support both the transport of muon
secondaries via the Target Station for (¢ — 2) and protons via the target bypass for Mu2e.
The (g —2) 3.1 GeV secondary beamline emanating from the Target Station and the Mu2e
8 GeV primary beamline bypassing the Target Station will merge and follow a single line
to the Delivery Ring. The new injection line will connect to the Delivery Ring in the D30
straight section. The extraction line also originates in the D30 straight section and has to
be capable of supporting both resonant and single-turn extraction.
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The beamlines that made up the Antiproton Source, those that have an “AP” prefix,
will be modified, reconfigured and renamed prior to (¢ — 2) operation. The AP1 line will
only operate at an energy of 8 GeV and will be renamed M1. The AP1 line will be largely
unchanged, with the exception of the replacement of some magnets to improve aperture. The
AP2 line will become two separate beamlines and no longer be continuous. The upstream
end of the line is needed as a pion decay channel for the (g — 2) experiment and will be
renamed M2. It will provide a connection from the Pbar AP0 Target Station to the M3
line. The downstream section of AP2 will become the abort and proton removal line from
the Delivery Ring. The old AP3 line will be required to transport both 8 GeV beam for the
Mu2e experiment and also a 3.1 GeV secondary beam for the (g —2) experiment and will be
renamed M3. The 18.5° right bend will be changed from a two to a three dipole configuration
in order to avoid higher beta functions in this region. The M3 line will will also be modified
to connect to the Delivery Ring (formerly Debuncher) instead of the Accumulator. The
extraction line connecting the Delivery Ring to the experiments will be called M4. The M5
line will branch from the M4 line to the (g — 2) storage ring in the MC-1 Building in the
“Left Bend” area. Figure 7.20 compares the Pbar beamline configuration with that proposed
for (9 — 2) and Mu2e operation. In general, the AP1, AP2 and AP3 lines will refer to the
old Pbar beamline configuration and M1, M2, M3, M4 and M5 will refer to the beamline
configuration for (g — 2) operation.

Figure 7.20: Layout of the Antiproton Source beamlines (left) and the reconfigured beamlines
for (¢ — 2) operation (right).
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Figure 7.21 shows another view of the Muon Campus beamlines and experimental halls.

Muon Campus Beam Lines

= M1 Line

— AP-0TargetHal
= M2 Line

—— M3 Line

=== DeliveryRing

=== Deivery Ring Abort Li ne Delivery
= M4 Line Delivery Ring .
M5 Line Abort Line J Rlng

s MC-1 Experimenta Hall
MuZe TargetH al
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APQ Target Labyrint H
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MI-8 Line

Figure 7.21: The Muon Campus beamlines and experimental halls.

Most of the common improvements to the beamlines and Delivery Ring that benefit MuZ2e,

(9 — 2), and future experiments will be incorporated into several Accelerator Improvement
Projects (AIPs). They are the Recycler RF AIP, Cryo AIP, Beam Transport AIP, and
Delivery Ring AIP. The Cryo AIP provides cryogenics for the (g — 2) storage ring and to
the Mu2e solenoids. Table 7.4 summarizes which improvements are contained in the various
ATIPs, as well as those that will be managed as part of the Mu2e and (g —2) projects. Project
Managers for the various projects will work closely together to ensure they interface properly.
Virtually all of the work that is incorporated into the AIPs must be completed prior to beam
operation to (g — 2).
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Description Project | Comment

Cryogenics CR AIP

Recycler RF upgrade RR AIP

Recycler extraction/P1 stub line BT AIP

P1,P2 and M1 aperture upgrade BT AIP | M1 final focus quadrupoles on (g — 2)
Reconfigure AP2 and AP3 (g — 2) | New lines are called M2 and M3
Final focus to AP0 Target Station (g —2)

APO Target Station upgrades (g —2)

Beam transport instrumentation BT AIP

Beam transport infrastructure BT AIP

Delivery Ring injection DR AIP

D30 straight section preparation (g —2)

Delivery Ring modification DR AIP

DR abort/proton removal DR AIP

Delivery Ring RF system Mu2e

Delivery Ring controls DR AIP

Delivery Ring instrumentation DR AIP | DCCT and Tune measure are Mu2e
Resonant extraction from DR Mu2e

Fast extraction from DR (g —2)

Delivery Ring infrastructure DR AIP

Extraction line to split (g — 2) | Upstream M4 line

Extraction line from split to Mu2e Mu2e | Downstream M}, including extinction
Extraction line from split to (g — 2) | (g — 2) | Beamline to MC-1 building

Table 7.4: Beamline, Delivery-Ring, and other upgrades and associated project: (g — 2)
project, Mu2e project, Delivery Ring Accelerator Improvement Project (DR AIP), Beam
Transport (BT) AIP, Recycler RF (RR) AIP, and Cryo (CR) AIP.
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7.5.3 Proton Beam Transport to the Target Station

Beam transport of the 8 GeV primary beam from the Recycler Ring (RR) to the Target
Station closely resembles the scheme used to transport 120 GeV protons for antiproton
production in Collider operation. The most notable differences are the change in beam
energy and the switch from the Main Injector to the RR as the point of origin for the
P1 line. The beamlines will be modified to 1) provide a connection between the RR and
P1 line, 2) improve aperture to accommodate the larger beam size and intensity, and 3)
reconfigure the final focus region in order to reach the desired spot size on the production
target. Table 7.5 lists the beamlines connecting the RR with the Target Station and their
respective lengths.

Beam Line Length (m)
RR to P1 43

P1 182

P2 212

AP1 (M1) 144

RR to Target Total | 581

Table 7.5: Recycler Ring to Target beamline lengths.

Recycler Ring to P1 line stub

Operation of (g — 2) and MuZ2e requires the transport of protons from the RR rather than
the Main Injector. A new transfer line from the RR to the P1 beamline will be constructed
to facilitate proton beam transport from the RR to the Delivery Ring. This new beamline
provides a way to deliver 8 GeV kinetic energy protons to the Delivery Ring, via the RR,
using existing beam transport lines and without the need for new civil construction.

Beamline Design The P1 line is lower in elevation than the RR, thus the beam will be
extracted downward. This will be accomplished with a horizontal kicker that will displace
beam into the field region of a Lambertson magnet that will bend beam down. The kickers
are located immediately downstream of the RR 520 location and the Lambertson will be just
downstream of the RR 522 location. Due to space limitations, only two vertical bend centers
made up of the Lambertson and a dipole are used in the new line. An integer multiple of
360° in betatron phase advance between the two bending centers is required to cancel the
vertical dispersion from the bends. The new beamline needs to intercept the existing P1 line
in a location that doesn’t disturb the extraction trajectory from the Main Injector, which
will be retained for SY120 operation. That junction point will be located near quadrupole
Q703.The angles of both the Lambertson and the vertical bending magnet (VBEND) were
obtained by matching the site coordinates from the RR to P1 line using TRANSPORT [15]
code. Figure 7.22 shows the layout of the new line, with the existing P1 line drawn in red.
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Figure 7.22: The new Recycler Ring to P1 connecting beamline.

Kickers The (g — 2)/Mu2e extraction kicker will be of the same design as the kickers
used during collider operation, but will be potted instead of using Fluorinert for electrical
insulation. The physical dimensions and properties of the kickers are listed in Table 7.6. The
plan is to reuse the ceramic vacuum chamber from old RR kicker magnets, which are slightly
smaller than the standard RR vacuum chamber. The kicker system will be made up of two
magnets producing 0.79 mr each for a total kick of 1.58 mr. The new kicker power supplies
will be located in the MI-52 service building. Power supplies for the new beamline magnets
will also be located at MI-52. This service building will be expanded to accommodate the
new power supplies.

Recycler Extraction Kicker RKB-25
Parameter Value
Ferrite length 46.6 in
Case length 64.0 in
Insert length 67.78 in
Print number ME-481284
Maximum strength (each) | 0.279 kG m
Maximum kick (each) 0.94 mr @ 8 GeV/c?
Required kick (each) 0.79 mr @ 8 GeV/c?
Rise time, 3% - 97% 140 ns

Table 7.6: RR extraction kicker parameters.

Lambertson The Lambertson magnet will be rolled 2.7° and the vertical bend magnet
-4.0° to provide a small horizontal translation in order to create the proper horizontal tra-
jectory required to match the P1 line. The vertical dipole magnet is a 1.5 m “modified B-1”
type that will provide a 21 mr bend, matching the bend of the Lambertson. There will be two
quadrupoles located between the Lambertson and vertical dipole magnets that make up the
dogleg between the RR and P1 line. Due to space constraints, the quadrupoles are shifted
downstream from their ideal locations by 0.25 m. A more detailed technical description of
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25 the design features of the new beam line stub can be found in Ref. [16]. Figure 7.23 shows
56 the lattice functions for the entire RR to Target Station line.
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Figure 7.23: Lattice functions for primary beamlines from the Recycler to the Target Station.

57 Recycler orbit The RR extraction scheme incorporates a permanent horizontal 3-bump
58 in the RR that displaces the circulating beam outward 25 mm at the upstream end of
250 the Lambertson (RLAM). Figure 7.24 shows the trajectories of the circulating and extracted
20 beams, including the horizontal bump at the Lambertson. The bump is created by horizontal
61 trim dipoles at the 524, 522 and 520 locations. The extraction kickers displace the extracted
262 beam inward 25 mm at the same location. This creates a separation of the RR circulating
2863 beam and extracted beam at the front face of the Lambertson of 50 mm.

w64 Apertures Lambertson magnets are typically one of the limiting apertures in a beamline.
265 1'he Recycler extraction Lambertson has an adequate aperture for both the circulating and
66 extracted beams. Figure 7.25 shows the footprint of both beams at the Lambertson for both
67 a 100 and 60 beam size. The vertical bend magnet has a relatively small horizontal aperture,
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Figure 7.24: Horizontal trajectories for circulating and extracted beam from the Recycler.

but is located where the horizontal beta functions are small. The horizontal acceptance of
the vertical dipole is actually larger than that of the Lambertson, despite the smaller physical
aperture. The quadrupole and trim magnets are modeled after those in the Recycler and
have good apertures.
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7.5.4 P1, P2 and AP1 Aperture Improvements

The increased intensity and beam size planned for muon operation will lead to unaccept-
ably high beam loss unless apertures are improved in the P1, P2 and AP1 lines. Limiting
apertures were identified during Collider Run II when evaluating possible improvements,
simplifying the process of identifying locations. The elimination of AP1 120 GeV opera-
tion for antiproton stacking provides an opportunity to improve the aperture with weaker
magnets that previously were not practical for use as replacements.

The introduction of the P1-line stub has eliminated several aperture restrictions that were
associated with Main Injector extraction. In particular, the vertical C-magnets that follow
the MI-52 Lambertson will be avoided with the new stub line. Most of the P1 line after the
P1-line stub has good aperture, until the former junction area with the Tevatron. The vertical
dipole at the 714 location was installed as a C-magnet because of its proximity with the
Tevatron and has a small horizontal aperture. The decommissioning of the Tevatron allows
the replacement of this magnet with a conventional dipole that will increase the horizontal
acceptance by more than 50%. The new magnet must also be capable of producing enough
field strength to operate at 120 GeV and support SY120 operation. The four Tevatron FO
Lambertsons will no longer be needed to inject protons into the Tevatron and can be removed
to improve the aperture, also in the horizontal plane.

In addition to the improvements to physical aperture, a new quadrupole is proposed in the
region presently occupied by the Tevatron injection Lambertsons at FO. The long drift space
in the P1 and P2 lines required for Tevatron injection results in large excursions in dispersion
throughout the beamlines. Unless the dispersion is reduced, the increased momentum spread
created by RR bunch formation will cause high beam losses. The addition of a quadrupole
(or quadrupoles) in this region will provide the means to improve the optics of the transport
lines.

The P2 line will remain a dual-energy line supporting (¢ — 2) and SY120 operation, so
the junction between the P2, AP1, and P3 beamlines at F17 will remain. The aperture for
both (g — 2) and SY120 operation will substantially improve with the proposed replacement
of the F17 C-magnets with a large aperture CDA magnet that both beams will pass through.
The B-3 dipole at the F-17 location will remain.

AP1 will only operate at 8 GeV for (g — 2) operation, so the eight EPB magnets that
make up the HV100 and HV102 string can be replaced with larger-aperture, weaker dipoles.
The number of dipoles can be reduced from four to two in each string. The 1.5 m “modified
B-1”7 magnets (formally known as MDC magnets) have a pole gap that is 2.25 in instead of
1.5 in and provides more than a factor of two increase in acceptance. Several trims will also
be replaced or relocated to complete the aperture upgrade. The final-focus region at the
end of AP1 is described separately in the next section. Table 7.7 summarizes the proposed
improvements to the physical apertures in the RR to Target Station lines. Reference [16]
has a more detailed explanation of the devices used to improve the aperture and how the
improvements will be implemented.
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Location Existing magnet Proposed improvement
V714 C-magnet 1 B2 magnet
FO Lambertsons 4 Lambertsons Remove magnets
F17 (V) B3 and two C-magnets 1 CDA (retain B3)
HV100 4 EPB dipoles 2 MDC
HV102 4 EPB dipoles 2 MDC

Table 7.7: Proposed aperture improvements for RR to Target Station beamlines.

Final Focus Region

The desired spot size on the production target, a proton beam ¢ in both planes of 0.15 mm,
is the same as what was used in antiproton production during collider operation. Because
the beam momentum is 8.89 GeV/c for (¢ — 2) operation instead of the 120 GeV/c that
was used for antiproton production, much smaller beta functions are required to achieve this
spot size (0.068 m vs. 0.878 m, respectively). The existing quadrupole configuration in AP1
cannot produce the desired spot size and will need to be reconfigured. Figure 7.26 shows
a modified version of the scheme proposed in Ref. [17], where a quadrupole triplet replaces
the last quadrupole, PQ9B, in the AP1 line. Figure 7.26 shows the optics in the final 50 m
of the AP1 line where the final focus occurs. The quadrupoles making up the triplet need to
be as short as possible while concurrently producing a very strong integrated gradient. The
PQ8A&B and PQ9Y9A magnets are not powered and can be removed to improve aperture, if
desired. Larger aperture NDB trim magnets from surplus Pbar inventory will replace HT107
and VT108 to provide adequate aperture.

2 T T T T T T T [}
=]
=

BETA_X&Y[m]
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Figure 7.26: Beta functions (horizontal is red, vertical is green) and dispersion functions
(horizontal is blue, vertical is black) for final focus region of AP1 line.

The best compromise between maximizing integrated field, minimizing quadrupole length
and providing adequate aperture, from available magnets, is to use a triplet made of of an
SQD — SQE — SQD combination. The quadrupoles are required to run between 400 and
500 Amps in order to achieve the desired 0.15 mm spot size, which equals the highest currents
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these types of magnets have ever operated at. The temperature and flow of Low Conductivity
Water (LCW) through these magnets will be particularly critical and may necessitate the
construction of a dedicated closed-loop LCW system to prevent problems from overheating.
The SQE magnet in the middle of the triplet is the strongest Pbar quadrupole available and
operates at the highest current of the triplet quadrupoles (490 Amps).
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7.5.5 Pion to muon decay beamlines

The M2 and M3 lines are designed to capture as many magic-momentum muons from pion
decay as possible. The M2 line will be rebuilt from the former AP2 line, which transports
secondary beam from the target station. The M3 line, rebuilt from the former AP3 line,
begins as a target-bypass which will be used by the Mu2e experiment to transport primary
8-GeV protons. For (g — 2), the M2 line crosses over into the M3 line. Focusing of the
secondary beam within the target station is limited by available space in the target vault.
Immediately following the target station, the M2 line starts with a series of quadrupoles
which then match into a regular FODO lattice.

Design layout

With the exception of a few specialized insertions, the M2 and M3 lines track the trajectories
of the existing (but now defunct) AP2 and AP3 antiproton lines. The first 115.6 m of M2
downstream of the target-station lithium lens coincides with the AP2 trajectory. Pions
collected from the lens are transported to and aligned parallel with the left side of the tunnel
via the existing PMAG and IB1 dipoles, each of which bends the beam through 3° (52 mr).
From this point, the beam travels a further 96.7 m up to, and including, the existing Q713
AP2 quadrupole.

Through a two-step horizontal translation, the beam crosses the tunnel to merge with
the incoming upstream M3 line (used by the Mu2e experiment). Each of the four horizontal
bend centers in this insertion contributes 104 mr. The relatively large bends involved at
each stage of this transition are driven by:

e Maintaining tight focusing quad spacing in M2 for (g — 2) to capture as many magic-
momentum decay muons as possible;

e Minimizing the distance in which hardware would interfere with transportation / travel
down the middle of the tunnel;

e Minimizing the impact of the insertion on maintaining continuous, controlled optical
properties, and;

e Providing the flexibility to convert between (¢ — 2) and Mu2e operations without
downtime to reconfigure hardware.

The last two magnets in the transition insertion act as a switch between (g —2) and Mu2e
running. A large-aperture quadrupole, Q733, followed by a modified B1 dipole are both
aligned with the M3 trajectory. During (g — 2) operation, the beam enters the quadrupole
off-axis and receives a 25 mr dipole kick. The B1 dipole provides an additional 43.6 mr to
complete the merger with the M3 line. (For Mu2e operation the beam will enter the quad
on-axis, and the B1 dipole is turned off).

Immediately following the transition across the aisle, a specialized insertion created by
two SDB dipoles bends the trajectory through 18.5° (323 mr) to the right, aligning with the
existing AP3 path in the tunnel. The beam continues for 63.0 m to the beginning of the
geometric and optical matching section between the M3 line and the Delivery Ring (DR)
injection point in the D30 straight section.
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This final injection section satisfies multiple, interleaved design constraints:

e Providing the optical match between the lattice functions of the M3 line and those of
the DR,

e A 86 mr horizontal right bend to align with the D30 straight section, and;
e An overall 4-ft elevation drop from M3 to the DR, performed in two steps.

The first step of the drop in elevation uses two SDC dipoles bending through 85 mr. The
second down-bend is provided by a SDD dipole bending down at 102.7 mr.

Embedded in the level beamline section between the first and second elevation step-
changes, two modified B1 dipoles bend horizontally, each through 43.1 mr to align the
trajectory with the D30 straight section.

The final stages of injection occur entirely in the vertical plane, with the final up-bend
produced by a combination of a C-magnet in the beamline, followed by a large-aperture
focusing quadrupole Q303 and a DC septum in the DR. The C-magnet bends in the upward
direction by 32.2 mr, and steers the beam 11.6-cm high off-axis through Q303, generating
another 29.9 mr of vertical kick. The septum adds 45.0 mr of bend up. Three kicker modules
upstream of quad Q202 close the trajectory onto the orbit of the Delivery Ring.

Total beamline length from the face of the target-station lithium lens to mid-quad Q202
in the Delivery Ring is 296 m. Parameters of the main magnets are listed in Table 7.8.

Optics

Optical properties of the (¢ — 2) beamline are defined by 65 quadrupoles of the proven
Fermilab SQx and LQx types, and the 4Qx series from Brookhaven. The (g — 2) beamline
design is comprised of distinct optical modules, as illustrated in Fig. 7.27.

e A matching section between the lithium lens and the main body of the upstream M2
lattice;

A periodic series of thirteen FODO cells (115.6 m);

An achromatic 18.5° right bend formed using a quadrupole triplet;

A series of six FODO cells in the M3 line, and;

e A matching section between the M3 FODO cells and the Delivery Ring in the D30
straight section.

The extreme upstream end of the M2 line is unchanged from the existing AP2 magnet
configuration. Pions from the production target are optically focused by the lithium lens and
the existing Q701 - Q704 quadrupole triplet. The magnet series of PMAG, quad triplet, and
IB1 form a horizontal achromat. The subsequent four quadrupoles are powered individually
in order to perform the optical match to lattice functions of a long section of FODO cells.

In the M2 line, the FODO cells are characterized by their 90° of betatron phase advance
and half-cell length of 4.444 m. The half-cell length is chosen to triple the existing quadrupole
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Name (#) | Type [ L[m] [ B[I] [ tilt [ G[T/m]
M2 match from lithium lens to FODO section
PMAG 1.029 0.05283
Q701 SQC 0.66675 -5.5725
Q701 SQC 0.66675 +4.7126
Q702 sQC 0.66675 +4.7126
Q704 SQC 0.66675 -5.6254
MOD B1 1.5065 0.3579
Q705 SQC 0.66675 +6.5782
Q706 SQC 0.66675 -9.6317
Q707 SQC 0.66675 +5.3884
Q708 SQC 0.4064 +3.3203
90° FODO straight section cells Q709-Q727
QBNL (13) 4Q24 0.6096 +5.5037
QSQC (6) SQC 0.66675 +5.1562
M2/M3 merge and 90° FODO cells Q728-Q734
SDE 2.500 0.4294
Q728 4Q24 0.6096 +5.5037
SDC 1.524 0.3812
Q729 4Q24 0.6096 -5.5037
SDC 1.524 0.3232
Q730 SQC 0.66675 +5.1562
Q731 4Q24 0.6096 -5.5037
SDE 2.500 0.4294
Q732 4Q24 0.6096 +5.5037
CMAG 1.524 0.2393
Q733 LQC 0.66675 -5.1562
MOD B1 1.5065 0.2989
Q734 SQC 0.66675 +5.1562
Q735 SQC 0.66675 -4.4177
Q736 SQC 0.66675 +5.1562
Q737 sQC 0.66675 -3.9445
18.5° triplet achromat
SDB 3.048 0.548
Q738 SQE 1.27635 +3.3814
Q739 SQE 1.27635 -3.1351
Q740 SQE 1.27635 +3.3814
SDB 3.048 0.548
M3 72° FODO cells
Q741-752 (12) [ SQC ] 0.66675 | [ £3.3784
match to Delivery Ring Q202
Q753 SQC 0.66675 -3.3127
SDC 1.524 0.576 +90°
Q754 SQC 0.66675 +3.4055
SDC 1.524 0.576 -90°
Q755 SQC 0.66675 -3.2048
MOD B1 1.5065 0.2952
Q756 SQE 1.27635 +4.3374
Q757 SQD 0.86995 -3.8292
Q758 SQD 0.86995 -3.8292
Q759 SQE 1.27635 +4.3374
MOD B1 1.5065 0.2952
Q760 SQC 0.66675 -3.2856
Q761 SQC 0.66675 +4.0158
SDD 1.6605 0.638 +90°
Q762 4Q16 0.4064 -3.3150
Q763 4Q16 0.4064 -3.3150
CMAG 1.524 0.218 -90°
Delivery Ring
Q303 LQD 0.86995 +3.0580
SEPTUM 1.8796 0.247 -90°
Q302 SQC 0.66675 -3.9850
Q301 SQC 0.66675 +4.0224
(3) KICKER 1.0012 0.021 -90°
Q202 sSQC 0.66675 -3.9658

Table 7.8: Main magnet parameters of the M2 and M3 beamlines for (g — 2) operation at
3.094 GeV/c.
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Figure 7.27: Horizontal (solid blue) and vertical (dashed red) lattice functions of the (g — 2)
transfer line from the face of the lithium lens to mid quad Q202 in the Delivery Ring. Boxes
centered along the top axis indicate dipole locations, while boxes extending up and down
are focusing and defocusing quadrupoles.

density in the regularly spaced upstream portion of the M2 line. Embedded in the last four
of these cells is the two-step horizontal achromat that transitions the M2 line across the
tunnel to merge onto the M3 line trajectory (Fig. 7.28).

The 18.5° horizontal bend has the two bend centers separated by a quadrupole triplet of
SQC.s to generate the 180° of betatron phase advance needed to kill the dispersion locally.

M3-line FODO cells are characterized by 72° of phase advance and a half-cell length of
5.613 m. These parameters are chosen to accommodate Mu2e operation at 8.889 GeV/c.
The ~ 25% longer cell length and slightly weaker focusing than in the M2-line FODO section
relative to M3 allow the SQC quads to operate at approximately their design gradient of
9.8 T/m.

The final nine quadrupoles in the line perform the optical match between the 72° FODO
cells and the Delivery Ring. This section contains an achromatic horizontal bend embedded
in an achromatic vertical descent from the M3 elevation to that of the DR. Lattice functions
and bend directions are shown in Fig. 7.29.
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Figure 7.28: Horizontal (solid blue) and vertical (dashed red) lattice functions through the
horizontal transition from the M2 line across the tunnel to merge with the M3 line. Circles
shown above the upper axis indicate bend directions — those with a cross are bends left, and
those with a dot are bends right. The final two (highlighted) magnets create a dipole switch
between (g — 2) and MuZ2e operations.
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7.5.6 Delivery Ring

The Pbar Debuncher ring will largely remain intact for (g — 2) operation and will be renamed
the Delivery Ring for its new role in providing muons to the experiment. A considerable
amount of equipment left over from Pbar operation will need to be removed from the De-
buncher. Most of the equipment targeted for removal was used for stochastically cooling
the antiproton beam during collider operation and is not needed for (g — 2). Some of these
devices also have small apertures, so the ring acceptance will be improved with their removal.
The cooling tanks in the D30 straight section also need to be removed to provide room for
the new injection and extraction devices.

The Pbar Accumulator ring will not be needed for (g — 2) and Mu2e operation and will
become a source of magnets, power supplies and other components for use in the reconfig-
ured beamlines. In particular, the M4 (extraction) line will be largely made up of former
Accumulator components. Some larger-aperture magnets will also be needed in the injection
and extraction regions and will come from the Accumulator or other surplus sources.

Rings Lattice and Acceptance

The original design lattice for the Debuncher will be used for the Delivery Ring with few
modifications. The lattice has a 3-fold symmetry with additional mirror symmetry in each
of the three periods, with three zero-dispersion straight sections: D10, D30 and D50. The
original lattice parameters were largely dictated by the requirements for Pbar stochastic
cooling and the RF systems. The Debuncher was designed with a large transverse and
longitudinal momentum acceptance in order to efficiently RF-debunch and stochastically
cool antiprotons from the production target. This lattice design is also well suited for (g — 2)
operation. During Collider Run II, the original lattice was distorted somewhat in order to
reduce the beam size in the stochastic cooling tanks that had limiting apertures. Since these
tanks will be removed, the lattice that will be used for the (g —2) conceptual-design work will
revert back to the original Debuncher design lattice. Figure 7.30 shows the lattice functions
for one period of the Debuncher.

It should be noted that the design acceptance of the Debuncher was 20 m-mm-mr. During
the 25 years of Pbar operation, numerous aperture improvements were undertaken to boost
the acceptance of the Debuncher. After the final Collider Run II aperture improvements
were put in place in 2007, the measured acceptance of the Debuncher was as high as 33 n-
mm-mr in both transverse planes. The (g — 2) design goal of a 40 7-mm-mr acceptance for
the Delivery Ring, while reusing as much of the original equipment as possible, presents a
difficult challenge.

The transverse acceptances of the Debuncher dipole, quadrupole, sextupole, and trim
magnets are quite large. The smallest magnet acceptance is in the vertical plane of the
dipoles and is approximately 54 m-mm-mr on one end, growing to 79 m-mm-mr on the other
end. The dipoles have a 90 7-mm-mr or larger horizontal acceptance (90 m-mm-mr for the
+2% momentum spread and locations with the largest dispersion) and the other magnets
have a 100 m-mm-mr or larger acceptance in both planes. Since the original Debuncher lattice
will not be significantly changed for (g — 2) operation, the main Delivery-Ring magnets will
not be limiting apertures. In general, devices with a physical aperture of 50 mm or greater
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Figure 7.30: Debuncher/Delivery Ring lattice functions through 1/3 of the ring. f, is in red,
By in green, and horizontal dispersion in blue.

provide an acceptance of over 40 m-mm-mr in the Debuncher, and select locations can provide
that acceptance for devices that have an aperture of 40 mm, as long as they are relatively
short.

During Collider operation, the smallest physical apertures in the Debuncher came from
stochastic cooling tanks, RF cavities, instrumentation, and devices used for injecting and
extracting beam. Many of these devices will be removed as part of the repurposing of the
Debuncher for the muon experiments. Some of these devices, most notably the kickers,
will be retained in the interest of economy and/or complexity and lead-time of manufacture.
Other devices, such as the injection septa, will be new devices with necessarily small physical
apertures in order to provide enough bend strength.

During Collider Run II, the Band-4 stochastic cooling tanks were the limiting aperture
in both planes of the Debuncher. The Band-4 tanks had a 38 mm physical aperture in the
cooling plane, and there were both horizontal and vertical pick-up and kicker tanks in the
D10 and D30 straights respectively. All of the stochastic cooling tanks will be removed prior
to (g — 2) operation.

There is only one RF cavity planned for the Delivery Ring, which is needed to support
MuZ2e operation and will have an aperture similar to the Debuncher rotator cavities. Since
the rotator cavities had an acceptance that was greater than 100 7-mm-mr, the new cavity
will have ample aperture and need not be removed when switching from operating MuZ2e
to (g — 2). All RF cavities used for antiproton production will be removed prior to (g — 2)
operation.

Many of the beam detectors used during Pbar operation had small physical apertures in
order to improve sensitivity. Since the beam intensities when running (g — 2) are expected
to be even smaller than those seen during Pbar operation, designers will need to be mindful
of the aperture needs of the (¢ — 2) experiment. Similarly, when instrumentation is being
considered for reuse in the Delivery Ring, the physical aperture and proposed tunnel location
should be analyzed for adequate acceptance.
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The transverse Schottky detectors used in the Debuncher had apertures that were only
slightly larger than the Band-4 stochastic cooling pick-up. They were removed from the
Debuncher during Run II, but have been reinstalled for use during (g —2) and Mu2e studies.
Although these Schottkys are slated for removal prior to (g — 2) operation, the Mu2e exper-
iment may need a new device to monitor tunes during resonant extraction. If a new device
is made, it will need to have adequate aperture for (¢ — 2) or will have to be removed when
switching between the two experiments. The DCCT beam-intensity monitor will also be used
by the Mu2e experiment. It is expected to have adequate aperture as long as it is located
in the middle of a straight section half-cell, where the beam has a circular cross-section.

Both injection from the M3 line and extraction to the M4 line take place in the D30
straight section. Injection will be located in the upstream half of the straight section, and
the pulsed magnetic septum and kicker magnets will have small apertures in order to provide
adequate bending strength. The septum has a small aperture in both planes, while the kicker
is primarily limited in the horizontal plane. The septum is a modified Booster-style (BSE)
magnetic septum magnet. The septum modifications involve increasing the pole gap from
28 mm to 42 mm in order to greatly improve the horizontal acceptance, and reducing the
septum thickness from 14 mm to 9 mm to increase the vertical acceptance. The injection
kicker system will be made up of two surplus Pbar AP4 injection kicker magnets. The
horizontal aperture is only 41 mm and will likely be one of the limiting apertures of the
Delivery Ring. The extraction kicker system will be made up of two Pbar extraction kicker
magnets. They have a vertical aperture of 41 mm and will also be one of the limiting
apertures of the Delivery Ring.

Kickers and Septa

The kickers and septa required for (g — 2) operation will need to operate at a much higher
frequency than that used for antiproton production, with peak rates increasing as much
as a factor of 30. In an effort to make the new kicker systems more economical, existing
kicker magnets will be reused. Kickers will be required for injection and extraction from
the Delivery Ring as well as for proton removal. Table 7.9 compares kicker parameters
for existing Pbar systems to the specifications for the (¢ — 2) injection and proton-removal
kickers. The rise and fall time specifications for (g — 2) are generally less strict than what
was needed for antiproton production, due to the short bunch length of the muons (and
protons). Decreasing the rise time of the proton removal kicker, however, will reduce the
number of turns required in the Delivery Ring to adequately separate the protons from the
muons. Although the Pbar kicker magnets are suitable for reuse, new power supplies will be
needed to operate at the increased rate. Resistive loads for the kickers will need to be cooled
with Fluorinert. A single Fluorinert distribution system is planned, with piping bridging the
distance between the load resistors from kickers in the D30 and D50 straight sections.

The septa and pulsed power supplies used during Pbar operation are not suitable for
rapid cycling and cannot be used for (¢ — 2). The septa have no internal cooling to handle
the increased heat load from the planned high duty cycle, and the power supplies are not able
to charge quickly enough. The Booster-style septum magnets can be modified to have the
necessary size and field strength required for use in the injection and proton removal systems,
and therefore are the preferred choice. The power supplies used in the Booster to power the
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Kicker (modules) Integrated | Kick | Rise Time | Fall Time | Flat Top
Field | Angle |  95%/5% | 95%/5% Time

(kG-m) | (mr) (ns) (ns) (ns)

Debuncher Extraction (3) 1.34 4.6 150 150 1500
Debuncher Injection (3) 1.81 6.1 185 185 1500
Delivery-Ring Injection (2) 0.64 6.2 n/a 800 300
Delivery-Ring Extraction (2) 0.83 7.0 450 n/a 200
Delivery-Ring Proton Removal (3) 0.52 6.2 180 n/a 270

Table 7.9: Existing Pbar (top) and future (¢ — 2) (bottom) kicker strength and waveform
specifications.

septum magnets also appear to be a good fit. Although they are designed to operate at
a lower frequency (15 Hz) than the peak needed for (¢ — 2), the lower operating current
(for 3.1 GeV/c versus 8.89 GeV/c momentum) should more than compensate for changes to
the heat load and mechanical stresses due to the increased pulse rate. The Booster septum
magnets are slightly shorter than their Pbar counterparts, so the new septa can comfortably
fit between quadrupoles in the injection and proton removal regions.

Delivery Ring D30 straight section

The Delivery-Ring injection and extraction regions will both be located in the D30 straight
section. In both cases, the tight quadrupole spacing in the Delivery Ring creates physical
conflicts with existing utilities and ring devices in the areas of elevation change to and
from ring level. The existing cable trays on the Debuncher side of the ring will need to
be completely dismantled and relocated towards the middle of the tunnel so that the new
beamlines can be hung from the ceiling. The extraction line will closely follow the trajectory
of the decommissioned AP4 (Booster to Debuncher) line. The tunnel in this region has an
existing stub region that the extraction line will pass through, eliminating the need for civil
construction to widen and strengthen the tunnel. Figure 7.31 shows the layout of injection
and extraction devices in the D30 straight section.

Figure 7.31: D30 straight section, injection on right, extraction on left.

Injection

The M3 line runs above the Delivery Ring in the upstream end of the D30 straight section
and ends with a vertical translation into the ring. M3 injection will be achieved with a
combination of a C-magnet, magnetic septum, D3Q3 quadrupole, and kicker magnets, which
will all provide vertical bends. The septum and C-magnet are both based on existing designs,
which reduces overall costs, but modified to improve the aperture. Both magnet designs
required modifications in order to attain the (¢ — 2) acceptance goal of 40 m-mm-mr.
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The magnetic septum is a modified Booster-style (BSE) magnet, with an increased pole
gap and a thinner septum to improve aperture. The BSE magnet has a 1.1-in pole gap, which
will be increased to 1.65 in for the new septum. Similarly, the C-magnet is a larger aperture
(2.1 in instead of 1.6 in) and shorter (2.0 m instead of 3.0 m) version of the Main-Injector
ICA magnet. An identical C-magnet is used in the extraction region. The descending beam
in M3 will pass through the C-magnet first and will be bent upward by 38 mr. The beam
will continue well above the center of the D3Q3 quadrupole and receive a 30-mr upward
kick. Since the beam is up to 140 mm above the centerline of the quadrupole, a large-bore
quadrupole magnet is required in order to provide adequate aperture. The large quadrupole
at D3Q3 will be the LQE magnet from the D2Q5 location, which will be replaced by an
8-in quadrupole, as described below. The LQx magnets were designed to have a substantial
good-field region that extends between the poles. Similar arrangements with LQ magnets
can be found in Pbar at D4Q5 (former AP2 injection, planned proton removal) and D6Q6
(former Debuncher extraction). The injected beam then passes through the field region of the
septum magnet and receives a 37-mr upward bend as required for the necessary trajectory
entering the injection kicker magnets. The kicker magnets provide a final 6.2-mr vertical
bend to place the injected beam on the closed orbit of the Delivery Ring.

The two-module kicker system is located between the D30QQ and D2Q2 magnets. To min-
imize the horizontal § function and maximize acceptance, the kickers will be located as close
to the D2Q2 quadrupole as possible. Spare Pbar injection kicker magnets will be refurbished
and reused for muon injection. The magnets are already designed to be oriented vertically,
so little additional effort will be required to convert them to their new application. Kicker
rise and fall time specifications and power supply information was provided in Table 7.9 and
the accompanying text. Figure 7.32 shows the injection devices and their location in the
Delivery Ring, along with their bend angles. Due to the large vertical excursion through the
top of the D3Q2 magnet, a vertical bump across the injection region will be incorporated
to lower the beam and improve the aperture. The quadrupole magnets at D2Q2, D30Q and
D3Q4 will be displaced to create the bump by generating steering due to the beam passing
off-center through the magnets. To create a 15-mm downward displacement at D3Q2, the
magnets will be lowered by 8.1, 11.0, and 4.2 mm respectively. It would be beneficial, but
not necessary for 40 m-mm-mr acceptance, to install an existing “extended star chamber”
quadrupole at the D3Q2 location. SQD-312, in magnet storage, was previously located at
D4Q4 in the Pbar AP2 injection area and has an extended top lobe in its star chamber.

30 mr 35mr

6.1 mrtotal kick i
39 mr (35 mr at exit)
I I I I | |— Modted ICA

o] | e TR IS Ioaa | lpsaz]| [ Pegsgm

Figure 7.32: Delivery-Ring injection devices.
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Extraction

Extraction from the Delivery Ring takes place in the downstream half of the D30 straight
section. The extraction channel and the first 30 m of the M4 line will be used for both
Mu2e resonant extraction and (g — 2) single-turn extraction. This arrangement avoids the
complexity and additional expense of dual extraction lines in the limited available space.
It also eliminates the need to remove potentially highly radioactive objects from the ring
when switching between experiments. The ideal extraction configuration will provide enough
aperture for both the Mu2e resonantly-extracted proton beam and the (¢ — 2) muon beam
to be transported efficiently through the M4 line.

A Lambertson and C-magnet pair will be used, in conjunction with the intervening D2Q5
quadrupole, to bend the beam upward out of the Delivery Ring. In the interest of compati-
bility between (g—2), Mu2e, and future muon experiments, a Lambertson magnet is required
for extraction. The resonant-extraction process used for Mu2e is very restrictive on the size,
strength, and location of the electrostatic septa that are required to split the extracted beam.
The electrostatic septa must be located on either side of the D2Q3 quadrupole, and are ex-
pected to be about 1.5 m in length. In order to achieve the goal of a combined extraction
channel and beamline, the (¢—2) extraction kickers must be located in a lattice location that
is ~ nm/4 radians from the Lambertson, where n is an integer, and in an area not already
occupied by injection or extraction devices.

The (g — 2) extraction kickers will be located between the D2Q2 and D2Q3 quadrupoles.
There will be two kicker modules of approximately 0.85 m length each. During the dedicated
period of (g — 2) operation, the kickers will be located as close to the D2Q3 quadrupole as
possible in order to minimize the vertical § function and maximize acceptance. The kicker
magnets will be repurposed Pbar extraction kicker magnets that have a vertical aperture of
41 mm. The kicker magnets will be powered in series from a single power supply. There is also
an alternative layout planned that would allow (g —2) to operate after the Mu2e electrostatic
septa are installed. There is only room for a single kicker near the D2Q2 quadrupole in this
arrangement, so the kicker magnet would need to be modified in order to provide enough
bending strength. The relocation of the kicker would also reduce aperture unless the
functions in this region could be suppressed by about 20%. Figure 7.33 shows the layout of
the extraction devices for dedicated (g — 2) operation and 40 7-mm-mr acceptance.

58.2 mr 17.8 mr 39.0 mr

' 7.0 mr total kick
= , Lambertson M M I
S | D204 D203 | [ ] EKIK2 [ EKIK1 D202

L1 L1 1

 S—

Figure 7.33: Delivery-Ring extraction devices.

Proton Removal (Abort) System

The proton removal system is an example of both repurposing an otherwise unneeded part
of the Antiproton Source and implementing a dual function system that can be used by both
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(9 —2) and Mu2e. During Mu2e operation, an abort is needed to minimize uncontrolled
proton beam loss and to “clean up” beam left at the end of resonant extraction. The proton
beam must be removed quickly, by means of kicker magnets, in order to minimize losses in
the ring. The (g — 2) experiment can benefit from the removal of protons before they reach
the storage ring. The abort system can serve this purpose, as long as the protons sufficiently
slip in time to create a gap for the kickers to rise through.

The old Debuncher injection point from the AP2 line in the D50 straight section will
be used for the abort and proton removal systems. Recall that most of the AP2 line will
be removed and replaced with the new M2 line that will merge with the M3 line upstream
of the right bend. The downstream end of AP2, where antiprotons were formerly injected
into the Debuncher, can now be used to extract protons from the Delivery Ring. This is
made possible by the change in beam direction (as viewed from above) from clockwise to
counterclockwise. The existing Pbar injection kicker magnets can be reused, although a new
power supply will be needed to operate at the frequency needed to support Mu2e and (g—2).
The septum magnet and power supply will also need to be upgraded for the same reason.
The new larger-aperture septum magnet will be identical to what was previously described
for injection into the Delivery Ring. The section of the AP2 beamline being repurposed will
require the addition of a vertical bending magnet to steer beam into the abort dump located
in the middle of the Transport tunnel. Figure 7.34 shows the layout of the abort line.

Vertical Profile of the Delivery Ring Abort Line

- APZ2 Line
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Figure 7.34: Side view of the Delivery Ring Abort/Proton Removal line.

The most economical plan is to only power the first kicker magnet, which provides the
shortest rise time, a (barely) strong enough kick and requires only a single power supply.
The rise time of the kickers with this configuration is about 180 ns. The kickers will be
reconfigured for Mu2e operation, because all three kicker magnets are required to provide
enough strength due to the higher beam momentum for Mu2e. Mu2e will also need a longer
flattop to cover the entire proton revolution period of 1695 ns. For (¢ — 2) proton removal,
the 180-ns rise time requires several revolutions around the Delivery Ring to provide enough
gap between the muons and protons for the kicker to rise through. Table 7.10 lists the
separation between the beams and the gap size for different numbers of turns. Four turns
around the Delivery Ring would be required to cleanly remove all of the protons without
disturbing the muons. All of the protons could be removed in three turns, but some of the
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muons would also be deflected. The table is based on the assumptions already stated: that
the kicker rise time is 180 ns, the proton and muon bunch lengths are 120 ns and that the
kicker should not disturb any of the muons.

Muon vs. Proton

Centroid time | Gap size | Impact of proton removal

difference (ns) (ns) kickers
Injection 40 None Unable to kick protons only
1%t turn at Abort 91 None Unable to kick protons only
27 turn at Abort 161 41 25% of protons removed
37 turn at Abort 231 111 85% of protons removed
4™ turn at Abort 301 181 Protons cleanly removed
5" turn at Abort 371 251 Protons cleanly removed

Table 7.10: Efficiency of proton-removal system for different number of turns in the Delivery
Ring, based on a 120-ns bunch length and 180-ns kicker rise time.

As the kicker magnets “fill” during the rising current waveform, the kicker magnetic
field and bending strength increase proportionally. Protons are completely removed from
the Delivery Ring when the kicker strength is about 85% of what is needed to center beam
in the abort channel. Between 85% and 100% of the nominal kicker strength, some of the
protons will be lost on the Abort Septum instead of traveling to the abort. As the kicker
strength drops below 85%, an increasing number of protons remain in the Delivery Ring. In
addition to separating the beams to improve removal efficiency, the percentage of protons
removed can also be increased by firing the kicker earlier and disturbing part of the muons.

A side benefit of the muons taking multiple turns around the Delivery Ring is that
virtually all of the pions will have decayed before the muons reach the storage ring. The
primary potential problem with this proton removal concept is due to differential decay
systematic errors caused by the different muon path lengths as they travel through the
Delivery Ring. Although a preliminary analysis indicates that this will not be a significant
problem [18], a more thorough analysis is needed.

Vacuum Systems

The existing vacuum systems in the rings and transport lines have performed very well
during Pbar operation. Typical vacuum readings in the Debuncher and transport lines were
approximately 1 x 1078 Torr. The Debuncher has good ion-pump coverage that should
generally be adequate for (g — 2) operation. Stochastic cooling tanks, kickers and septa that
will be removed during the conversion have built-in ion pumps, so some of these pumps may
need to be installed in the vacated spaces. Injection and extraction devices should have ion
pumps integrated into the design, or there should also be additional pumping capacity added
to the surrounding area. Vacuum components from the AP2 and AP3 lines should provide
most of the needs for the reconfigured M2 and M3 lines. The Accumulator has enough
surplus ion pumps and vacuum pipe available to cover part of the needs for the extraction
beamlines.
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Infrastructure Improvements

Electrical power for the Antiproton Source is provided by Feeder 24, which operated with
a power level of about 4.4 MW during Pbar operation. Although the (¢ — 2) power load
is expected to be considerably less than what was used in Pbar by virtue of the reduced
beam momentum, the Mu2e experiment must also be able to operate the same magnets
at 8.89 GeV/c. For Mu2e, most service buildings are expected to use approximately the
same amount of power as they did in Pbar operation. The exception is the AP-30 service
building, where there will be an increase in power load from the injection- and extraction-
line power supplies. A new transformer may be needed at AP-30 to provide the additional
power. A power test was performed on the individual service building transformers to aid
in predicting the power needs for Mu2e [19]. Also, since the Accumulator will no longer be
used, approximately 1.4 MW will be available for new loads.

Presently, Pbar magnets and power supplies receive their cooling water from the Pbar 95°
Low Conductivity Water (LCW) system. The cooling requirements for (¢ —2) are expected
to be lower than for Pbar operation. However, Mu2e will operate at 8.89 GeV /c and create
a substantially larger heat load than (g — 2). Fortunately, the removal of the heat load from
decommissioning the Accumulator and the AP2 line should be enough to offset the increase
from the extraction line and other new loads. The extraction beamlines (M4 and (g—2) lines)
will have an LCW stub line connecting to the Debuncher header in the D30 straight section.
If necessary, it is also possible to design smaller closed-loop systems that heat-exchange with
the Chilled Water system. The Chilled Water system has adequate capacity and is already
distributed to the Pbar service buildings.

7.5.7 Muon transport to storage ring

A three-dimensional drawing of Delivery-Ring injection and extraction and the M4 and M5
lines to the (g — 2) storage ring is shown in Fig. 7.35.

Considerations

The (¢ — 2) 3-GeV muon beam and the Mu2e 8-GeV proton beam must utilize common
D30 extraction magnetic components to complete separation from the Delivery Ring, and
extraction must occur vertically in order to accommodate the existing DR enclosure. The
large differences in beam size and energy place difficult, sometimes conflicting, demands on
the common extraction optics, especially the extraction Lambertson and vertical-bending
dipoles. The civil constraints of the local geography further complicate execution of the two
external beamlines.

The civil constraints of the local geography for what is termed the muon campus can be
deduced from Fig. 7.36. The physical separation from the Delivery Ring through an achro-
matic vertical bend section (which separates and delivers beam into the external beamlines)
must be followed by strong horizontal bends to direct beam to the two experiments. The
length of the Mu2e beamline is limited by wetland avoidance, and the (¢g—2) beamline length
by the storage ring / MC-1 building location. The (g —2) storage ring location is required to
avoid stray magnetic fields from Mu2e components on the west and utility corridors on the
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Figure 7.35: Three-dimensional view of Delivery-Ring injection (foreground) and extraction
(background) and the M4 and M5 lines to the (g — 2) storage ring.

east. The short distance from the common extraction Lambertson to the (g — 2) ring man-
dates efficient, space-conserving separation of the two external lines. Separation must first
occur vertically component-wise and then final separation utilizing a large difference in the
strengths of the left horizontal bends in the M4 and M5 lines which are vertically indepen-
dent. With no space available for a second vertical translation (and the required achromatic
conditions) the first vertical section must take the (g —2) beamline to the required elevation
for injection into the (g — 2) storage ring.

To appreciate the complexities of the two beamlines and (¢ — 2) beam conditions, the
following criteria that must be addressed are listed under the criteria that dominate the line
design.

Civil Layout

e Horizontal extraction via a kicker in the D30 straight

e Vertical separation from the Delivery Ring magnetic components (section common to
Mu2e/(g — 2) and takes advantage of existing civil construction)

e Vertical separation from Mu2e through a reversed vertical dipole. This section cleanly
derives a separate beamline for (¢ — 2) by changing the bend strength and polarity of
a single dipole between (¢ — 2) and Mu2e operation. Another dipole is added to the
M5 line to level the beamline off at the storage ring elevation
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Figure 7.36: Layout of the muon campus showing the M4 and M5 external beamlines and
Mu2e and (g — 2) experimental halls.

e The final elevation is 50” above projected civil elevation of (¢ — 2) ring enclosure floor

(@734.5” above sea level) or 225.1460 m and 6.3" above the Mu2e line in this region
(@223.2243 m) and 10.3” above the Delivery Ring elevation (@222.005097 m)

A 26.669° horizontal bend string fixes the direction of the beamline from the D30
straight towards the geographic location chosen for the (g —2) storage ring. (MuZ2e has
a 40.5° bend). The change in bend eventually separates the two experimental beamline
enclosures.

Tunable dispersion in the horizontal bend string (0-4 m)

A FODO cell periodic section to propagate dispersion to the ring

A final focus section to tune beam through the inflector to injection
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Beam Properties

Requested geometric acceptance of 40 mm-mr

Limits the beam size or beta functions to ~40 m through most of the line, less in some
dipoles

Injection matching into (g — 2) storage ring is strongly influenced by the inflector
aperture

Beam Optics

An achromat is required to suppress vertical dispersion from the D30 vertical extrac-
tion to the final beamline elevation. Dispersion must be suppressed upstream of the
horizontal bend string to avoid coupling between the two planes. The M5 vertical
achromat is a complicated 5-bend achromat (if one includes beam passing off-center
through the D2Q5 quadrupole which contributes to vertical dispersion).

An adjustable horizontal dispersion module is required for the 26.669° horizontal di-
rectional bend string. The dispersion can be adjusted to propagate a value between 0
and 4 m to the injection point of the (g — 2) storage ring.

A periodic FODO structure is utilized to propagate either zero dispersion or a dis-
persion wave to the injection point at the ring. Dispersion cannot be matched at the
ring as the line cannot sustain 8 m of dispersion aperture wise. If a new inflector is
built, 4 m is possible. With the existing inflector, however, zero dispersion is the only
solution.

If a new inflector with a significant non-zero field is constructed then the line must
move to the opposite side of the tunnel enclosure to match into the new injection
trajectory. Another dipole would be required to aim correctly to injection.

At this time, momentum collimation would be difficult to incorporate in the external
beamline.

Civil and geographical constraints (avoidance of wetlands, for example) dictate a ~27°
bend after extraction from D30 to satisfy the location of experimental hall. Only ~80 m are
available for the M5 beamline after accomplishing the vertical elevation change.
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Beamline Sections

As stated above, the M5 beam line is best described in terms of its modular functionality.
Correspondingly, the following descriptions detail the important sections, and discuss the
rationale and justify the design approach for each section.

Extraction from the Delivery Ring Incorporation of (¢ — 2) and Mu2e extraction
systems into the D30 straight has been carefully designed. The extraction part of the straight
is considered to start at the center of D30Q (the center of the D30 straight). All quadrupoles
have been carefully and relatively aligned in the optics input deck using the alignment data
provided in Table 7.11. (This alignment data is considered so critical it has been included
for future reference.) A number of kicker and septa locations were studied and the final
location was previously described in Sec. 7.5.6.

The pulsed magnetic kicker provides a +6.1 mr easterly horizontal kick (to the right
looking downstream). The downstream defocusing quadrupole — D2Q4 — enhances the effect
of the kicker and maximizes the beam separation at the entrance to a Lambertson. This
kicked beam is then tracked in coordinate space through the Lambertson and D2Q5 with an
offset relative to the Delivery Ring central reference orbit. At the entrance to the Lambert-
son, the horizontal offset generated from circulating Delivery Ring beam is ~49 mm. The
Lambertson is specified to be 1.5 m in length with a 0.8 T maximum field for Mu2e beam,
and is located just upstream of D2Q5 (0.4 m). It is adjusted to deliver a 40 mr upward bend
for both Mu2e and (g — 2).

The net bend up requires additional vertical bending which comes from two more sources.
The next focusing quadrupole (D2Q5) in the Delivery Ring acts like a combined-function
magnet and adds to the upstream Lambertson kick. (Since D2Q5 is a horizontally focusing
quadrupole, the offset of the beam vertically generates an upward kick — a kick critical to
efficient separation of the extracted beam from the Delivery Ring, adding approximately
17 mr.) Just downstream of D2Q5 a 2 m-long C-magnet with a 58 mr bend angle is planned
because a Lambertson-type magnet would have a large offset field region, but there is still
insufficient separation to insert a full dipole. The combined effect of all three vertical bends
(111.3 mr) allows beam to clear the next magnet — the last horizontally defocusing quadrupole
in the D30 straight (D2Q6). Beampipe in the extraction line clears D2Q6 by a few inches
and is 0.524 m, center to center at the upstream end. An SQA quadrupole located just
downstream of D2Q6 represents the first independent quadrupole in the M4 line.

Once the beam clears the Delivery-Ring components, it can be steered onto a centered
midplane trajectory in the combined Mu2e/(g — 2) section of the M4 beamline. Steering
magnets will be strategically placed to correct for differences between the (g —2)/Mu2e and
kicker/septa forms of extraction. The exact extraction orbit depends sensitively on the D30
quadrupole strengths and these depend on the Delivery-Ring tunes established for resonant
extraction or muon beam delivery for Mu2e and (g — 2), respectively. It is unlikely these
will be identical, however for the purposes here, a third-integer resonant extraction tune was
assumed for Mu2e and a lattice similar to the original Pbar design for (g — 2). The relevant
quadrupole strength values used are given in Table 7.12 and translated into gradients for the
(9 —2) 3.1-GeV /¢ beam.

The initial bend upwards is so strong in order to clear the Delivery Ring, it must be
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Points Relative to Coordinate Frame ‘A::WORLD:FSCS_XY7Z’

SpatialAnalyzer SA 2012.07.09

location

x (m)

y (m)

z (m)

D2Q2.CT
D2Q2.DN
D2Q2.UP
D2Q3.CT
D2Q3.DN
D2Q3.UP
D2Q4.CT
D2Q4.DN
D2Q4_UP
D2Q5.CT
D2Q5.DN
D2Q5_UP
D2Q6.CT
D2Q6_DN
D2Q6_UP
D3Q2.CT
D3Q2.DN
D3Q2.UP
D3Q3.CT
D3Q3.DN
D3Q3.UP
D3Q4.CT
D3Q4_DN
D3Q4_UP
D3Q5.CT
D3Q5.DN
D3Q5.UP
D3Q6.CT
D3Q6.DN
D30Q.CT
D30Q_DN
D30Q_UP
D2Q7.CT
D2Q7.DN
D2Q7.UP
D2Q8.CT
D2Q8_DN
D2Q8_UP

30454.057473
30454.224153
30453.890802
30451.839361
30452.005882
30451.672881
30449.625500
30449.792071
30449.458900
30447.409089
30447.599539
30447.218599
30445.185298
30445.383758
30444.986868
30458.488435
30458.655185
30458.321735
30460.706756
30460.873366
30460.540176
30462.920737
30463.087337
30462.754087
30465.137738
30465.336018
30464.939388
30467.357589
30467.555989
30456.274864
30456.441694
30456.108074
30442.972467
30443.139067
30442.805817
30440.580506
30440.774006
30440.387026

30059.297097
30059.008397
30059.585847
30063.137949
30062.849149
30063.426769
30066.971251
30066.682481
30067.260031
30070.809692
30070.479722
30071.139693
30074.661744
30074.318054
30075.005454
30051.624184
30051.335484
30051.912884
30047.782592
30047.493822
30048.071372
30043.948321
30043.659580
30044.237071
30040.108389
30039.764599
30040.452149
30036.264157
30035.920447
30055.456706
30055.168035
30055.745346
30078.493776
30078.205036
30078.782526
30082.215658
30081.944157
30082.487128

222.005099
222.005110
222.005090
222.005506
222.005440
222.005623
222.004893
222.004852
222.004857
222.005368
222.005427
222.005331
222.006067
222.006104
222.006060
222.004533
222.004517
222.004549
222.004346
222.004355
222.004286
222.004030
222.003936
222.004097
222.004650
222.004633
222.004695
222.004381
222.004360
222.005097
222.004878
222.005317
222.005572
222.005532
222.005637
222.004713
222.004801
222.004573
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Table 7.11: Alignment coordinates for the D30 straight provided by the Fermilab metrology

group.
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Device Magnet Type Strength Field Pitch
D30q SQC 0.385 m~2 3.98 T/m 0 mr
Kicker repurposed Debuncher 4 mr 0.028 T 0 mr
d2q2 SQC -0.388 m 2 4.01 T/m 0 mr
d2q3 SQC 0.378 m—2 3.91 T/m 0 mr
d2q4 SQC -0.370 m~2 3.82 T/m 0 mr
Lambertson new design 40 mr 0.28 T (0.79 T / Mu2e) | 40 mr
d2q5 8Q32 (replaces SQD) | 0.258 m~2 (13.3 mr) 2.67 T/m 53.3 mr

Table 7.12: Extraction components and parameters common to the Delivery Ring.

leveled before the final elevation is achieved for Mu2e or (g — 2); otherwise it is not pos-
sible to implement a vertical achromat, which requires significant phase advance generated
by quadrupoles. Sufficient space must be allocated for a series of quadrupoles. There-
fore, an EDWA dipole is installed after the first quadrupole in the subsequent D30 straight
with a bend equal and opposite to the combined bends of the Lambertsons and focusing
quadrupole. Leveling the line at ~32” above the Delivery Ring centerline provides a long
elevated “straight” (again extracted-beam center to DR-beam center) allowing an indepen-
dent common extraction beamline to be installed with minimal conflicts with the Delivery
Ring line below. The only conflicts are with the extended saddle coils of the DR dipoles
and these must be avoided. However, now an achromat can be formed using 4 quadrupoles.
This straight section is followed by two MDC dipoles for Mu2e beam with reverse bends
(up/down) that elevate the Mu2e extracted beam to a final elevation of 1.22 m (4’) above
the Delivery Ring. For (¢ — 2), three dipoles are required — the last Mu2e vertical dipole is
reversed, sending the beam steeply upward to achieve rapid separation of the M5 line from
the M4 line. This rapid separation proves critical in order to position the strong horizontal
bend section; otherwise the ring location would move eastward into a utility corridor. The
final elevation of the M5 line is 225.1460 m (738.6") which is 6.3” above the M4 beamline,
10.3” above the M4 beamline enclosure floor and 1.9’ from the enclosure ceiling (@740.5" and
3.9” below the experimental hall ceiling).

Table 7.13 lists the components and strengths for the vertical translation section common
to (¢ — 2) and Mu2e, and Table 7.14 in the M5 line, including quadrupoles used to match
to the horizontal bend string.

Figure 7.37 displays the achromatic optics of Delivery Ring extraction from the center
of the first quadrupole upstream of the Lambertsons to the end of the achromat. These
optical functions are predicated on an assumed matched beam distribution extracted from
the Delivery Ring. This is not likely to be the case, and extracted beam properties will differ
significantly between (g—2) and Mu2e. Therefore it is important that the two vertical achro-
mats have been separated between the M) line and the M4 line and can be independently
tuned. The physical layout of this section is shown in Fig. 7.38.
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Device Magnet Type | Strength Field Pitch
C-magnet 58 mr 0.3T (0.86 T / Mu2e) | 111.3 mr
Q1 4Q24 -0.244 m~2 -2.52 T/m 111.3
D1 EDWA -111.3 mr | 0.377 T (1.08 T / MuZ2e) 0 mr
Q2 SQC 0.234 m—2 2.42 T/m 0 mr
Q3 SQD -0.357 m~2 -3.69 T/m 0 mr
Q4 SQD 0.311 m—2 3.21 T/m 0 mr
Q5 SQD -0.062 m ™2 0.64 T/m 0 mr
D2 MDC 65.5 mr 0.44 T (1.27 T / Mu2e) | 65.5 mr
Q6 SQD -0.132 m~2 -1.36 T/m 65.5 mr
Q7 SQD 0.205 m =2 2.12 T/m 65.5 mr
D3 MDC 04.7 mr | 0.64T (-1.27 T / Mu2e) | 160.2 mr
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Table 7.13: Extraction components and parameters in the vertical translation section com-
mon to (g — 2) and Mu2e in the M4 line. Quadrupole strengths are given for (g — 2) only.

Device | Magnet Type | Strength Field Pitch
gQ1 4Q24 -0.339 m—2 | -3.51 T/m | 160.2 mr
gQ2 4Q24 0.229 m=2 | 2.37 T/m | 160.2 mr
¢Q3 4024 0.0l m~2 | 0.087 T/m | 160.2 mr
gD1 MDC 160.2 mr 1.09T 0 mr
gQ4 4Q24 0.082m™2 | 0.84 T/m 0 mr
gQb SQA 0.073m=2 | 0.75 T/m 0 mr
2gQ6 4Q24 0.056 m~2 | 0.58 T/m 0 mr

Table 7.14: Components and parameters in the independent (g — 2) vertical translation
section in the M5 line including matching quads to the horizontal bend string.
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Figure 7.37: The extraction optics showing the two Lambertsons followed by an opposite-
sign vertical bend, quadrupoles to form the achromat and a final bend up and then level
again to the elevation of the beamline (all EDWA dipoles).

Figure 7.38: Layout of the extraction section showing the MDC bends and the separation of
the beamlines to Mu2e and (g — 2).
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Horizontal Bend String Immediately downstream of the vertical section, a strong west-
erly bend is required to meet the constraints on the directionality of the beam line and the
exact location of the (g — 2) ring, particularly the critical bore coordinates through the yoke
and inflector position relative to the exact ring positioning. The horizontal separation of the
M4 and M5 lines after the extended vertical separation requires the horizontal bend module
to be located as close to the end of the vertical section and as compact as possible. The
bend increases significantly with any further downstream translation and the ring rotates in
response in order to match to the increased bearing of the beamline — compromising both
the optics and planning for a new inflector design. (A new inflector design with a significant
field would require re-locating the beamline to the easterly side of the enclosure to accommo-
date an additional pair of bend/reverse-bend magnets to realign the trajectory accordingly.)
Thus, maintaining a bend center of northerly and easterly coordinates, 30420.31542 m and
30117.58674 m, respectively, is central to an efficient beam transport design.

Final location of the storage ring and MC-1 building moved its location significantly
which required a re-work of the entire beamline and a ring rotation to properly match the
injection trajectory to the fixed bend-center with beamline components aligned to within
a couple of feet of the westerly enclosure wall. Given the civil and beamline work already
implemented, an exact solution had to be found which met these constraints. The solution, a
total westerly bend of 26.669°, matched an implementable beamline in the existing enclosure
design to the injection trajectory of the (¢g—2) storage ring when rotated by 2.604° clockwise.
Figure 7.39 shows the present optimized beamline location in blue as determined by a) the
ring position, b) the injection alignment requirements, and c) as derived from the bend center
to upstream inflector-end center coordinates and angular requirements (1.25° relative to the
ring tangent at the exit of the inflector). The blue circle represents the upstream end of the
inflector.

The present approach employs a 3-bend module comprised of three MDC dipoles in series
as shown in Fig. 7.40 with each MDC delivering 1/3 of the total bend. Quadrupoles in this
module supply 120° of phase advance between each dipole, with a symmetry point at the
center (D’=0) to cancel horizontal dispersion, fulfilling conditions for a linear achromat. If
dispersion is required at injection, then the phase advance can be tuned to deliver a net
dispersion which can be propagated with appropriate optics to the ring. Phase advance and
dipole placement for dispersion cancellation dictate this section to be restricted to the optics
as designed. Matching to the optics of this section must occur on either side.

A three-quadrupole matching section connects the optics of the vertical section and the
horizontal bend module. Table 7.15 lists the components and strengths for the achromatic
version of this module. The module can be re-tuned to deliver between 0 and 4 m of
dispersion to the ring. (Dispersion matching is 8 m, but this is too large to be supported in
the beamline — at £0.5% dp/p, the offset would be +4 cm.)
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Figure 7.39: Layout of the horizontal bend section showing the horizontal separation of the
M4 and M5 lines. The blue line and circle represent the optimized beamline layout and

injection point at the upstream end of the inflector. The red line shows the beam trajectory
to MuZe.

Device | Magnet Type | Strength Field Bearing
gD2 MDC 155.2 mr 1.05T 2.25141 rad
gQ7 SQA 0.671m=2 | 6.92 T/m | 2.25141 rad
gQ8 SQC -0.991 m~2 | -10.22 T/m | 2.25141 rad
gQ9 SQB 0.931m=2 | 9.60 T/m | 2.25141 rad
gD3 MDC 155.2 mr 1.05 T 2.40656 rad
gQ10 SQA 0.931m=2 | 960 T/m | 2.40656 rad
gQ11 SQC -0.991 m~2 | -10.22 T/m | 2.40656 rad
gQ12 SQB 0.671m=2 | 6.92 T/m | 2.40656 rad
gD3 MDC 155.2 mr 1.05 T 2.56171 rad

Table 7.15: Components and parameters in the horizontal bend section.
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The FODO-cell transport section Basic FODO-cell optics transport beam most effi-
ciently with lowest loss and maximum acceptance. (FODO cells are the simplest magnetic
lens configuration consisting of alternating horizontally- and vertically-focusing quadrupole
elements.) Therefore this type of module was implemented to transfer beam from the hori-
zontal bend string to the M5-line final focus quadrupoles. A FODO cell structure with 90°
of phase advance per cell has been designed, which has not only the smallest beam size when
both planes are considered, but also the added function of ease of transport for a periodic
dispersion wave (as generated by the horizontal bend string). This periodicity oscillates
between peak D and peak D’ values (dispersion value and its derivative) every cell, allowing
simple control of dispersion at injection to the ring.

The current half-cell length is 6.78 m and the peak beta value is 22 m, giving a beam
size of ~ 43 cm through this section of the line. What is convenient about this type
of interface is that the integrated length of the FODO insertion can be varied by 10-20%
without significantly impacting the optics or the matching to upstream and downstream
sections. The optics of a unit FODO cell are shown in Fig. 7.41. Presently, three consecutive
FODO cells are used. Table 7.16 represents the matching section between the horizontal
bend and the first FODO cell and the three cells themselves.
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Figure 7.41: The unit FODO cell.
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Device | Magnet Type | Strength Field

gQ13 4Q24 -0.330 m™2 | -3.40 T/m
gQ14 SQA -0.676 m~2 | 6.97 T/m
gQ15 4Q24 0.362 m~2 | 3.73 T/m
gQ16 4Q24 0.281 m=2 | 2.90 T/m
gQ17 4Q24 -0.181 m™2 | 1.87 T/m
gQ18 4Q24 0.374 m~2 | 3.86 T/m
gQ19 4Q24 0.314 m2 | 3.24 T/m
gQ20 4Q24 0.374 m~% | 3.86 T/m
gQ21 4Q24 0.314 m™2 | 3.24 T/m
Q22 4Q24 0.374 m~2 | 3.86 T/m
gQ23 4Q24 0.350 m~2 | 3.61 T/m

Table 7.16: Matching and FODO-cell components.

The Final Focus and Injection into the Storage Ring The final focus is a typical
“collision” type approach which uses a quadruplet of quadrupoles for maximum optical
tuning flexibility at the injection point to the ring. An exact match to storage ring beam
parameters requires a 3, ~ 8 m, 3, ~ 18 m, and a large dispersion value of 8 m. However
the present inflector aperture of 18 mm by 56 mm restricts the ability to match properly to
the ring. Although the y plane can be relatively well matched, 3, at the center of the present
inflector, which is 1.7 m long, can only be about 1.7 m for a 407r-mm-mr emittance beam,
and this value translates into a (3, of approximately 2 m at injection rather than 8 m. More
significantly, injected beam is actually diverging rather than converging (o, < 0), creating a
much larger horizontal mismatch in the ring, a quadrupole breathing mode which reaches a
peak [, value of ~ 70 m, almost an order of magnitude larger than matched beam. Further,
no net dispersion can be transmitted through the present inflector. The dispersion mismatch
results in a dispersion wave around the ring which ranges between 0 and 16 m, reducing the
horizontal momentum acceptance dramatically (particularly when coupled to the large beta
wave). Table 7.17 shows the components and strengths for the final-focus section.

Device | Magnet Type (Status) | Strength Field

024 4Q24 20.074m 2 | -0.76 T/m
gQ25 SQA 0.271 m=2 | 2.79 T/m
2026 SQA 0.265 m~2 | 2.73 T/m
2Q27 4Q24 10.263 m~2 | -2.71 T/m

Table 7.17: Components and strengths for the final focus section.

The design for the final focus using the present inflector is given in Fig. 7.42, showing
a minimum beam size at the center of the inflector. (The injection point is to the right on
the plot.) However, the final focus quadrupoles can be tuned to provide matched beam for a
new inflector design along with varying values of a dispersion function propagated from the
horizontal bend by the FODO section. Two different dispersion values are given in Fig. 7.43
for an exact match to the remaining ring parameters. Figure 7.44 shows the beamline from
the beginning of the horizontal bend section through to the ring injection.
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7.6 Controls and beam monitoring

7.6.1 Accelerator controls

A well-established controls system allows devices in the former Antiproton-Source (“Pbar”),
now Muon, service buildings and tunnel enclosures to receive information such as synchro-
nization signals and to communicate back to other accelerator systems. A map of the service
buildings, labeled “AP” for former Antiproton-Source buildings, and “F” for buildings which
are part of the F-sector of the Tevatron, is shown in Fig. 7.45. Devices in the new extraction
beamlines and MC-1 building will also need to be connected to the controls system.

I E=am Enclosure
B Tewv Controls

B Muon Controls (now)
I Muon Controls (new)

27 Delivery »%

5 o
Al Ring
A ' J
a = !530 _ =
= _."I By
\_‘ ‘ S 2

e
88Xy,  XGAL
gg” Controls
SRl SSSNE

Figure 7.45: Muon Campus service buildings.

CAMAC and links

The existing accelerator service buildings will continue to use the legacy controls infras-
tructure 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 MuZ2e, will be upgraded to a more
modern controls infrastructure which will be discussed later in this document. Migration of
the existing buildings to the more current controls standard is preferred and is being consid-
ered; however, sufficient funding is not available to start the upgrade path and it is believed
that the existing infrastructure will be adequate for (g — 2) operations.

Computer Automated Measurement and Control (CAMAC) crates exist in each service
building and communicate with the control system through a VME-style front-end computer
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over a 10 MHz serial link as shown in Fig. 7.46. 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 service buildings shows that about 25%
of the slots are unoccupied and could be used for additional CAMAC cards [20]. In addition,
further slots have become available that were used to interface devices that became obsolete
with the retirement of Collider Run II operations. It is anticipated that there will be ample
CAMAC-crate coverage for (¢ — 2) operation in the existing Muon service buildings, and
very few crates will need to be added or moved.
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Figure 7.46: 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 service buildings.

There are serial links that are distributed through and between the service buildings, via
the accelerator enclosures, that provide the necessary communications paths for CAMAC
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
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cable or copper Heliax cable. Most Muon links that run through accelerator enclosures are
run over Heliax, which should function normally in the radiation environment expected for
(g — 2) 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 in-
frastructure will remain in existing service buildings and new TCLK link feeds will be run
via multimode fiber optic cable from the Mac Room to the new MC-1 and MuZ2e service
buildings.

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 (MIBS) for SY120 operations and 2.5 MHz Recycler
beam synch (RRBS) for (¢ — 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 in order to provide the necessary functionality. The remaining Muon
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 (¢ — 2) and Mu2e service building will be run via
multimode fiber-optic cable from the Mac Room.

The Delivery-Ring permit loop provides a means of inhibiting incoming beam when there
is a problem with the beam delivery system. The Pbar beam permit infrastructure will be
used in the existing buildings. The CAMAC 201 and 479 cards, which 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 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. The permit loop will be extended to the MC-1
and MuZ2e service buildings via multimode fiber-optic cable from the Mac Room. Abort
inputs for these buildings will plug into a Hot-Link Rack Monitor abort card as will be
mentioned below.

Operational and permit scenarios are under development. The capability of running
beam to the Delivery-Ring dump when Mu2e and (g — 2) are down will be needed, as well
as the ability to run to either experiment while the other is down.

Hot-Link Rack Monitor

New controls installations will use Hot-Link Rack Monitors (HRMs) in place of CAMAC. A
HRM runs on a VME platform that communicates with the control system over Ethernet
as shown in Fig. 7.47. Unlike CAMAC, no external serial link is required, minimizing the
need for cable pulls between buildings. Each HRM installation provides 64 analog input
channels, 8 analog output channels, 8 TCLK timer channels, and 8 bytes of digital 1/0O.
This incorporates the features of multiple CAMAC cards into a single, compact chassis.
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Like CAMAC, when additional functionality or controls channels are needed, additional
units can be added. As an example, a HRM version of the CAMAC 200 module will be
constructed to provide inputs into the Delivery-Ring permit system. One or two HRMs
will be installed in both the MC-1 and Mu2e buildings and should provide ample controls
coverage for both accelerator and experimental devices.

Figure 7.47: 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
provides sixty-four 16-bit analog input channels, 8 analog output channels, 8 TCLK timer
channels and 8 bytes of digital I/O. HRMs will eventually replace all of the functionality of
CAMAC [21].

HRMs are expected to eventually replace legacy CAMAC systems in the existing build-
ings. This migration will start by replacing existing 12-bit MADCs and CAMAC 190 cards
for analog readings with 16-bit HRM channels. This option was considered for (g — 2) op-
eration, but was determined to be impractical considering expected funding, limited legacy
Ethernet connectivity in three of the Muon service buildings, and the determination that
the existing CAMAC would likely provide adequate performance for (g — 2) operations.

Ethernet

Many modern devices have some form of Ethernet user-interface. In addition, many devices
and remote front-ends use Ethernet to interface with the control system, instead of using
the traditional CAMAC. The results are an increasing demand on the Controls Ethernet.
Figure 7.48 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 centrally located in each service building. These will provide ample
network bandwidth and connections after the reconfiguration for (¢—2) and Mu2e. A central
Ethernet switch that fans out to the other Muon Department buildings is currently located
in AP10, but will need to be moved to AP30, as will be discussed later in this document.
Ethernet connects between the Muon-Ring service buildings via multimode fiber-optic
cable paths that traverse the Rings enclosure on the Accumulator side. The multimode fiber
currently in place will remain functional during (g — 2) operations. However, in the higher-
radiation environments expected during Mu2e operations, these fiber-optic cables will need
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Figure 7.48: Controls Ethernet to the Muon Department service buildings is expected to be

adequate for (g —2) operations. The central switch at AP10 will be moved to AP30. Legacy

networks at AP0, F23, and F27 have limited bandwidth and connectivity.
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to be upgraded to single-mode fiber at a minimum, or to the more costly radiation-hard fiber
if radiation rates are too high.

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 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 may be sufficient for (¢ — 2) operations; however, network upgrade
options are being considered, as will be discussed below.

Controls connectivity

Civil construction of the M4 and M5 beamline enclosures will result in the removal of the
underground controls communication duct that provides the connectivity between the Ac-
celerator Controls NETwork (ACNET) and the Muon Campus [22]. Included in this com-
munication 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 FIRUS. These
cables currently connect from this communications duct to the center of the 20 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 com-
munications ducts from the existing manholes as part of a General Plant Project. These
communications ducts will go directly to AP30, MC-1 and Mu2e service buildings without
going through accelerator enclosures. See Fig. 7.49 for drawings of the current and future
controls connectivity paths.

Restoring connectivity When the Heliax and fiber-optic cables are cut during the re-
moval of the above-mentioned communications duct, 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, through the MI-8 line communications ducts to AP30. 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
necessary for monitoring building protection. This work will be done as part of the Delivery
Ring AIP.

More details regarding the base plan and several alternatives, including cutting and splic-
ing the Heliax cable or attempting to keep the fiber and Heliax intact during construction,
can be found in Ref. [23].

Establish connectivity to MC-1 New fiber-optic cable will be pulled from the Mac
Room to the MC-1 service building. Single-mode fiber is needed for Ethernet and FIRUS,
and multimode fiber is needed for the timing links and the abort-permit loop. A bundle of
96-count single-mode and a bundle of 36-count multimode fiber-optic cable will be pulled to
MC-1. The fiber bundles will share a common path with the fiber bundles headed toward
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Figure 7.49: Muon campus controls paths. During construction of the M4 and (g — 2)
beamlines, the communications duct that provides controls connectivity to the Muon Campus
will be interrupted. A new communications duct will be built to restore controls connectivity
to the Muon service buildings. New controls will need to be established at the MC-1 and
MuZ2e buildings.

MuZ2e from the Cross Gallery to the manhole by Booster West Tower. All three fiber bundles
will travel through a single inner duct to the manhole. The Mu2e and MC-1 fiber bundles
will then branch off to a second manhole inside a common inner duct, and then separate into
the new communication ducts to the Mu2e and MC-1 service buildings. The fiber bundle to
the MC-1 Building will be pulled by the (g — 2) project, and to the Mu2e building by the
Mu2e project. The fiber pulls will provide ample connectivity for all Ethernet and controls
signals for both the accelerator and experiment. The (g—2) experiment anticipates requiring
network rates approaching 100 MB/sec during production data taking which can be handled
easily with the proposed infrastructure.

One alternate solution considered was to pull the new fiber along the existing communi-
cations duct until it intersected the extraction-lines enclosure. From there, the fiber could
be directed along tunnel-enclosure cable trays to the MC-1 service buildings. Though this
option would provide MC-1 cable-pull lengths of approximately the same length as the base
option, it was eliminated due to the extra complications of pulling fiber through the tunnel
enclosures to both Mu2e and AP-30. In both cases, the expected radiation environment
would require a more expensive radiation-hard single-mode fiber. In addition, the CAMAC
fiber links only run on multimode fiber, so link and clock repeaters would have to be re-
designed to run on single-mode fiber, adding additional expense to the project.

Possible upgrades for legacy networks If the legacy Ethernet networks at AP0, F23,
and F27 prove to provide insufficient connectivity or bandwidth for (¢ — 2) operations, they
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can be most cost-effectively upgraded by replacing the current 10Base5 “Thicknet” with
single-mode fiber-optic cable. The path would be from the AP30 service building to the
Rings enclosure, along the cable trays toward the M3 beamline, and down the Transport
enclosure. From the Transport enclosure, the fiber-optic cable runs can go to F27 and
APO. An additional fiber-optic cable pull from AP0 through the PreVault enclosure provides
a path to F23. The largest issue with this upgrade is that the single-mode fiber-optic
cable is susceptible to radiation. If the radiation environment in the accelerator enclosures
does not allow for single-mode fiber-optic cable, then radiation-hard fiber-optic cable can
be pulled, but at a higher cost. Standard 96-count single-mode fiber costs approximately
$1.50/foot, whereas 96-count radiation-hard fiber costs approximately $22/foot. Upgrading
to the radiation-hard 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.

Safety system

The existing safety system enclosure interlock hardware installed in the Pre-Target, Pre-
Vault, Vault, Transport and Delivery Rings will remain in place. The tunnel egress between
the Delivery Ring and Transport enclosures on the AP2 side will be blocked as a result of
the new beam abort dump. A safety system mini loop will be created on each side of the
abort dump to satisfy ES&H requirements.

The Delivery Ring enclosure is extended to the new extraction line enclosure under AP30.
New interlocked gates will be installed at the boundary between the Delivery Ring enclosure
and the extraction enclosure, between the extraction enclosure and the M4 enclosure that
goes to Mu2e, and between the extraction enclosure and MC-1. Reset boxes for these gates
will be repurposed from the Tevatron. Enclosure interlocks for the MC-1 experimental hall
will use the Rack Mounted Safety System (RMSS) chassis mounted in a rack dedicated for
safety system equipment. The RMSS chassis uses a reset box similar to the Main Injector.

The three Pbar area Critical Device Controllers (CDCs) will be repurposed for (g — 2)
operations, but may need to be relocated to cover the new safety system critical devices that
will be used during (g — 2) operations. Interlocked radiation detectors may be moved and
the system may be modified to include Total Loss Monitors (TLMs). The key trees from
Pre-Vault, Pre-Target, and Transport will remain in the Main Control Room (MCR), while
the remote AP10 keytree will likely be moved from AP10 to the MCR.

Cryogenics will be used in the MC-1 experimental hall, so an Oxygen Deficiency Hazard
(ODH) system will be implemented using a safety rated PLC system.

7.6.2 Accelerator instrumentation
Beam types

Beam monitoring can be divided into distinct zones: primary protons, mixed secondaries,
proton secondaries, and muon “secondaries” (actually the dominant source of muons should
be from the decay of the pion secondaries, so are technically “tertiary”). The locations of
each of these areas are shown in Fig. 7.50. The expected beam properties in each of these
areas are shown in Table 7.18.
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M5 i

Muon-only
(< 2E5)
Secondary
Beam

(M4, M5)

Low Intensity (2E7 to 2E8)
Mixed Secondary Beam
(M2, M3, Delivery Ring)

High Intensity (1E12)
Primary Proton Beam
(P1, P2, M1)

Figure 7.50: Beam monitoring can be divided into four different zones, each with different
instrumentation schemes. High-intensity proton beam will be monitored with Toroids, BPMs
and BLMs. Low-intensity secondary and proton-only secondary beam will be monitored with
Ion Chambers, BPMs and SEMs. Muon-only secondary beam will be monitored with Ion
Chambers and SWICs.
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Beam Type Particle Beam Number of RF Bunch | Transverse
Species Momentum | Particles Bucket | Length | Emittance
(GeV/c) (MHz) | (ns) (mm-mr)
Primary protons p 8.9 1012 2.515 120 187
Mixed secondaries | ut, 7+, p, et | 3.1 107 to 2 x 10% | 2.515 120 407
Proton secondaries | p 3.1 107 2.515 120 407
Muons ut 3.1 <109 2.515 120 407

Table 7.18: Expected properties of primary proton beam, secondary beam off the target,
and muon beam from pion decay relevant to instrumentation designed to measure beam.
Transverse emittances are 95% normalized.

Primary proton beam Primary proton beam will traverse the Recycler, P1 stub, P1, P2
and M1 lines. Much of the instrumentation needed to measure the primary proton beam
during (g —2) operation already exists, but needs to be modified for use with the faster cycle
times and 2.5-MHz RF beam structure. The overall beam intensity is similar to that seen in
Pbar stacking operations, and in many cases requires 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
beamlines. Multiwires and Secondary Emission Monitors (SEMs) will provide beam profiles
in both transverse planes. Beam Position Monitors (BPMs) will provide real-time orbit
information and will be used by auto-steering software to maintain desired beam positions
in the beamlines.

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 and two in the M1 line.
They will continue to be used in (g — 2) operation to measure the primary proton beam.
The electronics for these toroids are comprised of legacy analog processing inside of NIM
crates. The base plan, due to funding limitations, is to continue to use the legacy electronics.
If funding becomes available, the electronics would instead be upgraded to a VME-based
processing environment, repurposing electronics from Collider Run II in order to provide
cost savings. The existing toroids provide the majority of the required coverage, though the
addition of a second toroid in the P2 line and a toroid in the P1 stub is desirable. The present
toroid installation locations will be reviewed and modified as needed to provide adequate
coverage. One possible change would be to move the upstream P1-line toroid downstream
of the P1 line and P1 stub merge so that it could measure the beam injected into the P1
line from the stub. Filters, chokes, and preamps will be added for analog conditioning.
Electronics will be modified, where necessary, to calibrate the toroids for (g — 2) operations.

Beamline BPMs provide single-pass orbit-position information with sub-millimeter res-
olution, and will continue to be the primary beam-position devices in the P1, P2 and M1
lines. All BPMs share the Echotek style of electronics which was built as part of the Rapid
Transfers Run II upgrade [24], and is the current standard for beamline BPMs. A functional
diagram of the BPM hardware is shown in Fig. 7.51. These BPMs were designed to detect 7
to 84 consecutive 53-MHz proton bunches and four 2.5-MHz antiproton bunches for Collider
Run IT operations. Minimal electronics modifications will be required to measure the single
2.5-MHz bunches of 10'? particles expected during (g —2) operations. Two additional BPMs
will be installed in the P1 stub.
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Figure 7.51: 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 and M1 lines for (g — 2)
operations. The BPMs are not sensitive enough to see the low intensity secondary beams
downstream of the APO target [24].

Beam Loss Monitors are already in place in the P1, P2, and M1 beamlines. 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 in order to
minimize cost. An optional upgrade is being considered that would add snapshot capability
to the BLMs. This feature would allow the loss monitors to distinguish losses from individual
15-Hz pulses of beam. However, this option adds significant cost to the BLM system. Two
additional BLMs will be installed in the P1 stub.

There are two types of beam profile monitors in the beamlines: multiwires in the P1
and P2 lines, and SEMs in the other beamlines. The profile monitors will primarily be used
for commissioning, studies, and documentation of the beamlines. 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.

Mixed secondaries Mixed-secondary beam will traverse the M2 and M3 lines, as well
as the Delivery Ring. Changes to existing instrumentation are required in these areas as a
result of the secondary beam being approximately two orders of magnitude lower in intensity
than that during the former Antiproton-stacking operations. In addition, 2.515 MHz bunch
structure and a faster pulse rate must be taken into consideration. Mu2e beam will have
beam intensities four to five orders of magnitude higher than (¢ — 2) operations in the
M3 line and Delivery Ring, so design upgrades must take into account the vastly different
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beam intensities required for both experiments. Beam studies have been conducted in order
to help determine what instrumentation best suits the low-intensity secondaries of (g — 2)
operations [3].

Four toroids are available for use in the secondary beamlines and were the primary
intensity-measurement device in these lines during Antiproton operations. These will be
used for Mu2e operations; however, beam studies show that even with high gain and careful
filtering, we were only able to measure beam intensities at levels one order of magnitude
higher than (g — 2) operational beam [3], as demonstrated in Fig. 7.52. As a result, toroids
will likely not be used during normal (g — 2) operations, but may still be used with higher-
intensity beams during commissioning and studies periods.

Acquisition
Mode

Sample

M 400ns A S 160my

1+~ 1.65600us

Figure 7.52: The yellow trace on both plots is a calibration test pulse on Toroid 724 in the
AP2 line with high-gain preamps and special filtering to look for low-intensity beam. At
beam intensities in the low 10%, there is an easily-measurable beam signal. However, when
the beam intensities are lowered to the level of 107-108, the (g —2) expected secondary beam
intensity range, beam intensities can not be measured.

A Direct-Current Current Transformer (DCCT) has been used in the Delivery Ring to
measure beam intensity. This device will not function at (g — 2) operational intensities and
cycle time.

Ion chambers will become the primary beam-intensity measurement device for mixed-
secondary beam. They are relatively inexpensive devices that can measure beam intensities
with an accuracy of £5% with as little as 10° particles. Ion chambers were used in the AP2
line in the past, and work was done during beam studies to recommission the ion chamber
that used to be operational near the end of the AP2 line [3]. For (g — 2) operations, one
or two ion chambers will be implemented in the M2 line. Ion chambers are also being
considered for the M3 line and the Delivery Ring; however, these would need to be installed
in a vacuum can with motor controls to allow them to be pulled out of the beam during the
higher-intensity MuZ2e operations. Figure 7.53 shows an ion chamber installation in the AP2
line.

Wall Current Monitors (WCMs) are an alternative intensity-measurement device being
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Figure 7.53: Fixed-position ion chamber in the AP2 line. The ion chamber is separated from
the beam pipe by a vacuum window on each side. Fixed-position ion chambers will only be
used in the M2 line. In locations like the M3 line and Delivery Ring that will also see MuZ2e
beam, the ion chambers will be put inside of vacuum cans and made retractable.

considered for mixed-secondary beam. These devices have the advantage of being completely
passive, and not requiring a break in the vacuum, which may make them a better fit in the
M3 line where we need to stay compatible with the higher intensities of Mu2e operations,
and the Delivery Ring where beam circulates for approximately 56 ms in Mu2e operations.
New WCM designs are being considered that would provide accurate intensity measurements
for secondary beam during (g — 2) operations. The design is based on that of a WCM for
Mu2e extraction. Each slice of the slow-spilled Mu2e beam is approximately 2 x 107, which is
consistent with the intensity that we would expect in the M3 line and Delivery Ring during
(g — 2) operations.

BPMs were a key diagnostic in Antiproton-Source operation providing sub-millimeter
orbit information in the beamlines and Delivery Ring. BPMs are located at each quadrupole,
providing ample coverage. There are 34 BPMs in the AP2 line, 28 BPMs in the AP3 line
and 120 BPMs in the Delivery Ring; however, it is believed that the BPMs in these areas
will not be able to see the low-intensity 2.515 MHz (g — 2) secondary beam.

SEMs will be used to measure beam profiles in the M2 and M3 lines, as well as the
Delivery Ring. There are eight SEMs in the AP2 line, seven SEMs in the AP3 line, three
SEMs in the D/A line, two in the Debuncher, one in the Accumulator and three spares from
the former AP4 line to draw from. SEM tunnel hardware will require some maintenance, and
locations where SEMs are moved will require new cable pulls. Beam studies showed that
special high-gain preamps will be required to measure the low-intensity secondary beam
during (g — 2) operations [3]. There are only two working high-gain preamps, so additional
preamps will need to be designed and fabricated. Additional SEMs will need to be added
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to the Delivery Ring from the pool of unused SEMs and spares. A photo of a SEM and its
profile display are shown in Fig. 7.54.

=]

D:SM806 Horizontal Data
st

Horizontal Area 188.0 Intensity

¥ lHorizontat Sigma|3,695071 | mm

Horizontal Mean 21.973 mm

Horizontal Gain |1

D:SM806 Vi al Data
Vertical Area | 186.0 Intensity o o

Vertical Sigma 3,358714 |\mm

Vertical Mean |7.903 mm

Vertical Gain |1

Time: Jan 14, 2010 1:17:36 PM displayGainTextData() method called -0

Figure 7.54: SEMs will be used to measure mixed secondary beam profiles. SEM tunnel
hardware (left) is pictured. Preamp boxes are mounted next to the vacuum can. The SEM
wires can be pulled out of the beam when not in use. SEMs can be used with to measure
beam profiles, positions and intensities (right).

BLMs (Fig. 7.55) will be used to help maintain good transmission efficiency through the
lines. Both Delivery-Ring and AP3 loss monitors will use the existing hardware and elec-
tronics for (g — 2) operations, but will be replaced for the higher-intensity Mu2e operations.
Care will need to be taken to make a BLM plan that allows for switching back and forth
between the two separate BLM systems.

Proton Secondaries Proton secondaries will extracted to the DR abort line and will have
a similar beam intensity to that of the Delivery Ring. FExisting instrumentation from the
downstream AP2 line will be used. A toroid will be used to measure beam intensity for Mu2e
operations, but will be out of its operational range for (¢ — 2). If intensity measurement is
needed, a retractable ion chamber will be added to the line. Ton chambers, SEMs and BLMs
will be used in the same way they are for the mixed secondary lines.
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Figure 7.55: Two styles of BLMs will be used. Tevatron-style ion chamber loss monitors (left)
will be used in areas of primary beam, and also in the Delivery Ring for Mu2e operations.
The Pbar-style ion chamber, which consists of a plastic scintillator and a long light guide
connected to a photomultiplier tube shielded from light in PVC, will be used in the Delivery
Ring during (g — 2) operations.

Muon Secondaries Muon secondaries will traverse the upstream portion of the M4 line
and the M5 line. The largest technical challenge will be measuring muon secondary beam,
which models show should be on the order of 10° muons per pulse. This is two or three
orders of magnitude smaller than the upstream mixed-secondary beam. Most of our standard
diagnostics will not work at these beam intensities.

Beam intensity will be measured with ion chambers that are designed with three signal
foils and four bias foils to increase the signal amplification. This design will allow beam
intensity measurements down to 10° particles. The ion chamber in the M4 line will need to be
retractable in order to be compatible with Mu2e operations, while the M5-line ion chambers
can be permanently in the beam path. New ion chambers will be designed and built for
the M4 line because there is not a pool of available spares to populate these beamlines.
Ion chambers for the M5 line will be provided by the repurposed BNL SWICs as will be
discussed below. A Wall Current Monitor is another option being considered for beam-
intensity measurement in the upstream M4 line. Though this device may be able to measure
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the Mu2e slow-spill beam intensity, it is not clear if one could be designed that is sensitive
enough to see the lower-intensity muon beam expected for (g — 2) operations.

The base plan for measuring beam profiles in the upstream M4 and M5 lines are to
use Segmented Wire Ion Chambers (SWICs), which are very similar to Multiwires with the
exception that the beam goes through ArCO, gas, which is ionized by the charged-particle
beams, creating an amplification that allows measurements of beam intensities down to the
10* particle range. In addition, SWICs are robust enough to handle particle beams several
orders of magnitude higher in intensity than are expected during (g — 2) operations. This
will provide the flexibility of running higher-intensity protons through the M4 and M5 lines
for commissioning and beam studies. The SWICs in the upstream M4 line will need to be
retractable since they are a destructive measurement device. Some vacuum cans can be
acquired from other systems in order to minimize the cost; however, the inventory of spare
vacuum cans is not sufficient enough to cover all of the SWICs. The SWICs in the M5 line
will be combination SWIC and Ion Chamber units repurposed from BNL. These devices
have both wires for measuring beam profiles as well as foils for measuring beam intensities,
but are not retractable and require vacuum windows on both sides of the device.

While maintenance is being performed on the BNL SWICs and interfaces to the FNAL
control system are being designed for these devices, three alternate options were or will be
considered for beam profile measurement in the M5 line. The first option is to design and
build new SWICs. This would give us the flexibility of making them retractable and not
require additional vacuum breaks; however, it would also require us to design and build
new lon Chambers for the line. Similar to the BNL SWICs, newly designed SWICs would
measure beam down to the the 10* particle range.

A second option that was considered is the Proportional Wire Chamber (PWC). The
advantage of the PWC is that it can measure beam down to 10® particles, and the wire
planes are modular. The major disadvantage is that the wires are easily damaged by higher-
intensity pules, limiting the ability to run higher intensity study beam.

The third option that was considered is to design Scintillator Fiber Profile Monitors
(SFPMs), which can measure down to 100 particles. These devices are similar to SWICs or
PWCs, but the wires are replaced with scintillating fiber. They have been used in the SY120
test-beam lines, and the fibers have been shown to survive long periods of beam operation.
The largest disadvantage is that SFPMs cost significantly more than SWICs.

The upstream M4 line will be made compatible with both Mu2e and (g — 2) operations.
Beam in the M4 line for (g — 2) will be at least two orders of magnitude smaller than the
individual slices of slow-spilled beam that the line will see in Mu2e operations.

If muon beam profile information cannot be accurately measured with the proposed
diagnostics, one option being considered is to develop a tune-up mode. In this mode, protons
in the Delivery Ring would not be sent to the abort, but extracted toward (g — 2) with the
muon beam. This would result in 107 particles per pulse in the extraction lines, which is
easily measured by ion chambers and SWICs.

The Cherenkov counter that was used in the BNL experiment is also being prepared for
measurement of particle-type in the M5 line during (¢ — 2) beam commissioning, as well as
in the AP2 line for beam tests during the preliminary design phase.
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wu  Accelerator instrumentation summary

w05 A summary of instrumentation devices which will potentially be used for (g — 2) is shown in
3006 Lable 7.19.

Beamline Beam type Intensity Position | Profile Loss
Primary protons P1, P2, M1 | toroids BPMs multiwires, SEMs | BLMs
Mixed secondaries | M2, M3, DR | ion chambers, WCMs | SEMs SEMs BLMs
Proton secondaries | DR abort ion chambers, WCMs | SEMs SEMs BLMs
Muons M4, (g — 2) | ion chambers, WCMs SWICs, PWCs, SFPMs

Table 7.19: Potential instrumentation to be used in the beamlines for (¢ — 2) operations.
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w 1.7 ES&H, Quality Assurance, Value Management, Risk

3908

3909 7-7-1 ES&H

sa0 The Accelerator Division ES&H Department has the responsibility for providing Environ-
son mental, Safety, and Health coordination and oversight of ES&H for all accelerator work on
;02 the project. As with all Fermilab projects, attention to ES&H concerns will be part of the
soi3 project management, and Integrated Safety Management will be incorporated into all pro-
;4 cesses. Line management responsibility for ES&H will be maintained on this project. Safe
sas  coordination of installation activities will be accomplished through the Project Management
s team, Project ES&H Coordinator, Project Engineer, and Task Manager. During installa-
5017 tion, the Subcontractors, T&M Crafts, and all Fermilab personnel will utilize Job Hazard
s Analyzes to plan all work and to mitigate hazards. The Project Manager and Project ES&H
;00 Coordinator will audit compliance with all applicable ES&H requirements.

3920 The handling and installation of magnets, vacuum systems, power supplies, and other
321 accelerator components are common tasks within the Accelerator Division, and standard
32 safety practices will be used. If any work falls outside of common practices, job hazard
;23 analyses will be conducted in order to ensure that the tasks are performed safely. Detailed
34 procedures exist for handling components in the radioactive target vault, and the activation
s2s - will be lower after years of not running beam than it was during antiproton production.

we 1.7.2 Quality Assurance

sz All aspects of the accelerator work will be periodically reviewed with regard to Quality
s Assurance issues from Conceptual Design through completion. The following elements will be
320 included in the design and construction effort: an identification of staff assigned to each task
;30 with clear definition of responsibility levels and limit of authority as well as delineated lines
s of communication for exchange of information; requirements for control of design criteria and
332 criteria changes and recording of standards and codes used in the development of the criteria;
333 periodic review of the design process, drawings, and specifications to insure compliance with
s accepted design criteria.

ws 1.7.3 Value Management

.3 Significant cost savings have been incorporated into the (g —2) accelerator design by utilizing
3037 the existing infrastructure from the Antiproton Source. Existing target station components
;s will be reused: target, lens, collimator, and momentum-selection magnet, as well as main-
339 taining the same target-vault layout. A new target-station dump to replace the current one
340 which has an internal water leak will be constructed using the existing design. As many ex-
s isting components as possible will be reused for the beamlines, including beamline magnets
;02 from the previous (g —2) experiment at BNL. New magnets will be based on existing designs,
sa3 - where practical. Much of the beamline instrumentation will also be recycled, with upgraded
w4 readout electronics where necessary in order to see the low-intensity (g — 2) secondary and
sus  tertiary beam.
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7.7.4 Risk

The largest risks to the cost and schedule of the accelerator work are delays of funding and
lack of engineering support when it is needed.

Another large risk depends on Mu2e shielding needs in the Delivery-Ring D30 straight
section, which have not yet been fully determined. Shielding may need to be placed in
areas which would obstruct current plans for reconfiguration of beamlines and cable trays.
Magnets may need to be made radiation-hard.

The external beamline depends on a new tunnel enclosure being built under a General
Plant Project. If that project is delayed or if construction costs rise, there may be a burden
on (g —2).

Conflicts and difficulty of work in the congested area of the D30 straight section and the
M3 line which joins the DR in that area are a schedule risk on the order of a month or two.

There is also an opportunity that the M2/M3 crossover design may be simplified and be
made to cost up to $500k less.

Magnets which need to be built new and those which have been taken from the BNL
beamline carry a risk on the order of $200k.

The possibility that existing accelerator controls infrastructure is not able to support
(g — 2) is low, but carries risks on the order of $100-200k. The risk that various types of
instrumentation cannot be refurbished or upgraded to see the low-intensity (g —2) secondary
beam would require new instrumentation to be built at a cost of roughly $200-400k and a
4-month delay.

The biggest technical risk was that the lithium lens used for focusing secondaries off the
target would not be able to pulse at the (g — 2) rate. However, a lens has been pulsed in a
test stand at the average 12-Hz rate for 70 million pulses without any sign of lens failure,
confirming ANSY'S simulations which predicted that mechanical fatigue should be less than
it was during antiproton production.

There is an opportunity to save $100k if a new transformer will not be required in order
to support the lens power supply.

The risk that the target station does not provide the desired yield may be handled by
running the experiment for a longer period, or additional cooling may be needed for the final
focus system, or a new target may be designed and constructed.
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Chapter 8

Beam Rate Simulations

The ultimate goal of the beam delivery simulations is a complete “End-to-End” study from
pion production on the target to stored muons in the ring. This goal will be achieved by
using a sequence of specialized tools. They include a MARS calculation for pion production,
a combination of phase-space, Decay Turtle, and G4Beamline calculation of the pion-to-
muon decay line, the Delivery Ring, and the final beamline into the storage ring, and a
detailed GEANT4 simulation of the transmission into the ring and the final storage fraction.
This is ongoing work by many collaborators. Below we present the status of the individual
pieces.

8.1 Pion Production at the Target

The description of the target, lithium lens and initial bending magnet—PMAG—are given
in Chapter 7. We briefly summarize. Beam tests were performed in 2012 to measure the
target yield. The instrumentation was sensitive to the total number of charged particles but
it could not differentiate between particle species. Plans are in place to repeat the test in
2013 using a Cherenkov counter to measure the particle composition of the beam. The yield
of positive 3.1 GeV/c secondaries from 10'? 8 GeV protons on target measured in the beam
test was almost a factor of four higher than the 2.2 x 10% particles with |dp/p| < 10% and
407 mm mr emittance predicted by MARS simulations at the beginning of the AP2 line, and
was about 60-80% of the number predicted at the end of the AP2 line with |dp/p| < 2% and
357 mm mr. Extrapolated back to the start of the AP2 line, that prediction is 4.8 x 107
positive secondaries. The spot size of the beam on target was o, = 0, = 0.5 mm. As
discussed in Sec. 7.4.1, we plan to reduce the spot size to 0.15 mm, which is expected to
increase the yield of particles with |dp/p| < 2% by 40-60%. The expected yield of positive 3.1
GeV/c secondaries with |dp/p| < 2% exiting the target station will then be at least 4 x 108,
with the simulation predicting 48% or 2 x 107 of these to be m’s. We used this number in
our bottom-up rate estimate and for what follows below.
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184 BEAM RATE SIMULATIONS

8.2 Muon capture in the straight section of the decay
line

While the G4Beamline code for particle tracking through the (g — 2) beamline is under
development, a valuable insight on the muon collection in a decay line and characteristics
of the muon beam can be obtained with phase space calculations. In Fig. 8.1 we compare
the collection efficiency of muons in the straight section of the E821 and E989 beamlines.
It was obtained by applying the calculated pion momentum cut (see Fig. 8.2) to the muon
capture probability Y, and scaling with horizontal (e,) and vertical emittance of the beam
(ey). For the E821 beamline we used ¢, = 42 mm-mrad, ¢, = 56 mm-mrad; for the E989
beamline we assumed ¢, = ¢, = 40 mm-mrad.

_ 10712
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Figure 8.1: Number of muons captured in the straight section of the E821 (red triangles)
or E989 beamline (blue circles). Muon polarization is shown by green squares. The muons
have the magic momentum 40.5%.

Even though the emittance of the pion beam will be smaller in E989 than in E821, a
higher fraction of the decay muons will be captured by the E989 beamline due to the wider
pion momentum band. An additional factor originates due to the longer decay line in E989,
allowing more pions to decay into muons. The number of decay muons per initial number of
pions is described by (8.1)

gzi‘xgzi

— (1 _ e*L//Bﬂ-’YTrCTTr) e*L/Bu’YuCTu , (81)
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E821 E989
w 1+ W 1
0.8F 0.8-
0.6 0.6
0.4 0.4F
0.2F 0.2-
I S N VN B BRI B : ol e
0 1 102 104 106 108 11 1 102 104 106 1.08 1.1
pTt/pmagic pﬁ/pmagic

Figure 8.2: Pion momentum bite for E821 (left) or E989 beamline (right).

where L is the length of the decay line. This is illustrated in Fig. 8.3. Thus, the total increase
in the number of captured muons due to both factors in E989 over E821 is about eight.

The capture fraction for muons in a |dp/p| < 0.5% momentum bite from the |dp/p| < 2%
transmitted pion beam is determined to be 0.36% in the M2 (AP2) line, and assuming the
same efficiency in the M3 line, the number of decay muons entering the Delivery Ring will
be approximately 5 x 10*. During the 3-4 turns around the 505 m Delivery Ring and then
through the 128 m M4 and M5 line, the remaining 28% of pions will decay, and approximately
10% of the muons will also decay. Our studies have not yet accounted for the possible gain
of additional captured muons in the DR.

Therefore, the number of decay muons with |dp/p| < 0.5% delivered to the entrance of
the storage ring in a 120 ns bunch with 10'? protons on target is expected to be close to
5 x 10%.

The calculated polarization component of muons in the spin precession plane is shown
by green squares in Fig. 8.1. Thus, phase space calculations predict a slightly higher average
polarization of muons from the straight section in E989 (Pr = 97.7%) over E821 (Pr =
96.3%).

Note that muons from the target station and from bending sections of the beamline
may have very different characteristics than the muons from the straight section. We are
planning to extend our calculations to the bending sections. To simulate muons from the
target station we are planning to use programs MARS and G4Beamline.

8.3 G4Beamline simulations of beam transport and muon
capture

The particle tracking simulation program G4Beamline is based on GEANT4 toolkit. It is
designed to extend GEANT4 simulations to beamline elements, beam transport lines and decay
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Figure 8.3: Number of muons vs. decay line length.
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beam lines. Tracking of particles in G4Beamline through a system is as accurate and realistic
as the GEANT4 toolkit implements. G4Beamline will allow us to simulate various important
aspects of the (g — 2) experiment on a common ground, including muon production in the
decay line, and muon capture by the beamline, muon transportation to the (¢ — 2) ring.
Most importantly, in combination with the GEANT4-based simulation program gm2RingSim
it will allow us to study beam-related systematic errors in (g — 2).

The current G4Beamline model of the M2-M3-delivery ring section of the (g—2) beamline
was obtained directly from lattice in MAD format (Fig. 8.4).

Figure 8.4: G4Beamline model of the M2-M3-delivery ring section of the (g — 2) beamline.

Our initial attempt to use the G4Beamline for (¢ — 2) beamline flushed out a number
of important deficiencies in the program. Even though G4Beamline has been used with
success by a number of groups, the code had never been exercised much or at all to model
non-planar lattices. Thus, when the positions of the G4Beamline magnets were compared to
the 3-dimensional site coordinates produced with the MAD survey command, they were rather
different. We ultimately identified and corrected two problems

1. Rectangular bend magnets where effectively rotated in space with respect to a point
located in the center of the magnet rather than at the upstream end. Aside from
affecting the position of the downstream elements, this also adversely affected the
geometric acceptance.

2. The beam reference coordinate system was not being transformed properly for all
rotated bending dipole magnets. This resulted in completely incorrect positions for all
magnets downstream of any rotated dipole.

Several other identified and fixed problems include #) bugs in storing and reading back the
results of simulations; i) inefficient algorithm was used to determine the position in beam
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coordinates leading to O(N?) scaling of the number of iteration with the number of elements
N (the updated algorithm has O(N?) scaling now); The fixes were sent to the code developers
to be included into the next official release of G4Beamline. A few issues still require some
attention. As of time of this writing, G4Beamline still does not correctly handle dipole edge
focusing. A work on the fix is in progress.

The G4Beamline code in its current status allows particle tracking starting from the PMAG
(right after the target station) and up to one turn in the delivery ring. To simulate beam
extraction from the delivery ring, a time-dependent kicker field needs to be implemented.
This work is in progress.

Below we show some preliminary results of G4Beamline simulations that verify our phase-
space simulations in a simpler system. The G4Beamline program was used successfully to
simulate muon production and capture in a FODO section of the decay beamline. A FODO
section is a straight section, it does not contain any dipole magnets. Therefore the simulations
were not affected by the above described deficiencies of the code. The probability of muon
production within £0.5% of magic momentum and capture by a FODO section with 60°
phase advance is shown in Fig. 8.5 as a function of pion momentum (blue symbols). We
observe good agreement between the two simulation approaches.
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Figure 8.5: Muon production and capture probability in a FODO90 lattice vs. pion momen-
tum, G4Beamline (blue symbols) or phase space simulations (red symbols).

8.4 Muon Transmission and Storage Simulations

Muon transmission into the ring and the storage fraction are studied using a detailed
GEANT4 simulation of the E821 g — 2 experiment, together with substitutions for certain
elements as proposed in this CDR. The storage rate depends strongly on the amount of
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material the muon beam must traverse, as well as the intrinsic momentum spread (dp/p) of
the muon beam. Common to the studies presented here is the assumption that an ideal
storage ring kick will be provided to the incoming muon bunch, see Chapter 13. A baseline
storage rate of 6.5% for a 40m muon beam with |dp/p| < 0.5% is predicted assuming the
muon beam must scatter through the two closed ends of the ezisting E821 inflector and the
existing outer Q1 plate and support. Under an ideal setting of a fully open inflector and no
Q1 scattering, a storage of 22% is expected. A summary of a much larger set of studies is
presented here.

8.4.1 Simulation Overview

The g — 2 muon storage region is a torus with central radius 7112 mm and a £45 mm inner
and outer radius as seen in Fig. 8.6. The +x axis is directed toward the inflector where
the muons enter the ring, +z is aimed to the right 90° downstream of the x axis, and the
y axis is oriented in and out of the page with the positive direction defined as outward.
This coordinate system is useful to describe the ring as a whole (e.g., where is the inflector
in relation to some other system), but a different beam-centric coordinate is used when
describing beam dynamics. This coordinate system places the muon beam at the origin
with the 4+z direction defined as radially outward, the 42z direction aligned with the muon
momentum direction or more commonly the azimuth direction in a cylindrical coordinate
system, and the y direction remains unchanged from the previous coordinates. This system is
shown schematically in Fig. 8.6. The latter coordinate system will be used in this document
unless otherwise specified.

+z (out of page)

»
+y (out of page)

Center of Storage Ring
7112 mm

Figure 8.6: Left: Schematic of the g — 2 muon storage region viewed from above with the
associated coordinate system. The magic radius orbit is shown in green and the inner and
outer boundaries of the muon storage region are shown in red. The inflector is shown in
grey for orientation. Right: Schematic of the muon beam coordinate system viewed head-on
inside the g — 2 storage region
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The muon beam used at the start of the simulation is created by an “inflector gun,”a
GEANT4 particle gun that allows the user to sample a particle phase space (z, py/p:, ¥, Dy/D)
given a set of beam emittances (e,,) and Twiss parameters (o, Sy, Vay)- The beam
emittance ellipse is defined such that 95% of the beam phase space is contained with the
bounded region. This is represented by Eq. 8.2 below, with 2’ = p,/p, and ¥ = p,/p..

Yo+ 20,37 4 Be(2) < €

YWY+ 20,yy + B (Y) < €

Only two of the three T'wiss parameters are required since the third can be computed using
the Courant-Snyder invariant relationship shown in Eq. 8.4. In practice, v is the derived
quantity.

By—a?=1 (8.4)

Fig. 8.7 is a schematic diagram indicating the relationship between the Twiss parameters
and physical degrees of freedom (z,z"). It can be seen in this diagram that the maximum
extent of the beam is given by /¢f and the maximum z’ is given by ,/z7.

' a2l =E
'rE‘i'nt =V 5/’8 \

mmax:\/E

X

\-(Bint - \/5/77

Figure 8.7: Relationship between the T'wiss parameters and the physical degrees of freedom
x and 2.

The magnitude of the beam momentum is computed by sampling a Gaussian centered
at the magic momentum (p,, = m,/a, = 3.094 GeV/c) and a width (dp/p). Typical values
for |dp/p| range between 10™* and 107! for this study.

The beam is generated at a fixed z position either along the inflector main axis or along
the azimuthal direction within the g — 2 storage region. Typically, the Twiss parameters
are defined at the “downstream” end of the inflector one millimeter before the beam must
traverse inflector coils. A transport matrix is employed to recompute the Twiss parameters
when the beam originates at the “upstream” end of the inflector, which is defined as one
millimeter before the beam must enter the outer inflector cryostat. A drift space approx-
imation is used for the transport matrix. In all studies, the muon storage is computed as
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the ratio of muons remaining in the ring after 100 revolutions vs. the incoming flux, with
muon decay turned off. The storage ring kicker magnetic field is assumed to be a square
pulse applied to the first turn only, and at an ideal magnitude (typically 220 G), tuned to
maximize the storage rate for the given conditions. The E821 LCR pulse was also studied
for comparison. This non-ideal pulse shape (and magnitude) were not considered for E989.
Variations studied and optimized in the following include the beam entrance “launch” angle
into the inflector, the geometrical inflector angle with respect to a tangent to the storage
ring central radius, and the momentum spread |dp/p| of the incoming beam. Here we report
only on the storage rate for |dp/p| < 0.5%; the intrinsic momentum acceptance of the ring
is much smaller.
A number of discrete variations were explored. They include:

e Inflector Field: Mapped means the computed, true inflector magnetic field is loaded
and vectorially added to the main magnet fringe field. Vanish means the field within
the inflector is identically zero (idealized).

e Inflector Geometry: Closed-Closed represents the existing E821 inflector with the
magnetic coils covering both the upstream and downstream ends. It also includes the
aluminum cryostat materials. Open-Open is a hypothetical new inflector with both
upstream and downstream ends open. Intermediate cases have also been studied.

e Quad Geometry: Fullis the existing E821 geometry for the outer Q1 quadrupole
plate and the mechanical Macor standoffs that hold the plate in position. The trajec-
tory of the incoming muon beam passes through these materials at a small glancing
angle. The energy loss and multiple scattering have an impact on the storage frac-
tion. No Quads represents the proposed E989 geometry where the Q1 outer plate
is displaced radially such that no muons pass through these materials. Intermediate
geometries—e.g., existing Q1 and removed standoffs—were also studied.

e Incoming Beam Tune: The E821-match parameters were determined by minimizing
the beam amplitude within the inflector volume. Ideal-match parameters are derived
by assuming ideal phase space matching into the storage ring with uniform quadrupole
coverage.

The generated phase space for an A = er = 40w beam starting in the Downstream
position with the two beam types, E821-match and Ideal-match, are shown in Fig. 8.8.
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Figure 8.8: Generated Phase Space for the E821-match (left column) and Ideal-match (right
column) Beams. The left column shows z — 2" and the right column shows y —%’. In all plots
the origin intersects with the main inflector axis. The most noticeable difference between
these two beams is the horizontal width.
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8.4.2 Results for Beam Starting at Upstream Entrance of the In-
flector

Here we present the main findings of the studies in which the incoming beam is launched
into the upstream entrance of the inflector. It must cross both ends of the inflector (whether
“open” or “closed,” through the 1.7 m “D”-shaped inflector beam channel physical limi-
tations, and through, if applicable, the outer Q1 plate/support system before entering the
storage region. Fig. 8.9 is a schematic of the magic radius (red line) and the starting location
of the muon momentum vector (blue arrow) and their relationship to other systems in the
ring. The region indicated by “Kicker Plates” provides the idealized horizontal deflection
appropriate to the given situation. There are two degrees of freedom, § and ¢, as the beam
enters the storage region. If the inflector is oriented such that it is tangent to the ring,
then the maximum storage rate occurs when ¢ = 0 and 6 = —6 mrad in the case of a fully
vanishing magnetic field within the inflector. In the case of a fully mapped magnetic field,
the optimal inflector angle § is between [—2, —4] mrad and the optimal launch angle ¢ is
between [—12, —14] mrad.

rﬁ%
.

1yBIaH J01084u]

saalbap (y‘

sale|d 1o

Definition of Angles

4@%\ }
N/

Figure 8.9: Schematic of the g — 2 storage ring as viewed from above. The starting location
of the muon momentum vector in relation to the magic radius and other detector elements
is shown by the blue arrow. The beam originates at the inflector entrance.

The muon storage fraction approaches a maximum when the inflector is fully open and
the outer Q1 plate and support are massless only for the E821-match beam tune. The Ideal-
match beam storage rates are noticeably lower than the E821-match because more of the
beam is lost while traversing the inflector beam channel. Similarly, closing the inflector will
drop the storage rate by approximately a factor of two and is nearly equivalent to making
the Q1 plate and support massless. Fig. 8.10 shows curves of storage fraction for several
benchmark scenarios of inflector and Q1 plate/support geometries. The plots show the
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fraction vs. the momentum width of the incoming beam, assuming the beam flux is common
for all scenarios; thus, the fraction is reduced as the beam width increases. It is instructive
to compare performance at the common |dp/p| < 0.5% point to tie into the calculation
of the muon flux described in Section 8.2. Table 8.1 shows the storage rate for the two
inflector geometry options combined with the two Q1 geometries for the E821-match beam
with |dp/p| < 0.5%.

Table 8.1: Muon Storage Rates in % for 4 combinations of inflector and Q1 geometries for
an E821-match muon beam with |dp/p| < 0.5%. The underlined value for the open inflector
and massless quads represents the maximum storage fraction obtainable for an incoming
beam having |dp/p| < 0.5%. The bold entry for closed inflector, massless quads represents
the best estimate of the starting geometry for E989, prior to installation of a new inflector.
All statistical uncertainties are well below 0.1%

Q1 Geometry — Massless Q1 Massive Q1
Inflector Geometry | | Plate and Support | Plate and Support
Fully Open 22.0 13.0
Fully Closed 10.0 6.5

< F xS5F E
o 25— — o C 7
= C Ideal x, = R, = 30 } Ideal x, = R, {
o C Open Inf. Ends o E Open Inf. Ends 4
= 20— Massless Q1 — © E Massless Q1 J
=z r Closed Inf, Ends 2z 25 Closed Inf, Ends
s - Oen it Encs s E Openmienes 1
@ 151 £621 Quads - @ 20 £521 Quads —
g C Closed Inf. Ends S C Closed Inf. Ends |
= 5 E821 Quads =} 15 r E821 Quads s
S s = E
r 10 -

5 } B 5 ; \-\‘\’\« E

R H S U R B | | I |
0 0.5 1 15 2 25 0 05 1 15 2 25
5P/P (%) of Incoming Muon Beam P/P (%) of Incoming Muon Beam

Figure 8.10: Comparison of the muon storage rates for a wide range of dp/p with a variation
of inflector and outer Q1 plate/support geometries assuming A = 407 beam with the E821-
inflector Twiss parameters (left) and the Ideal-match beam parameters (right). The “Ideal”
entry represents a pencil beam launched at the magic radius inside the storage ring.
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Chapter 9

Relocation of the E821 Storage Ring
Magnet

The muon storage ring magnet consists of superconducting coils inside their cryostats and
the steel yoke and pole pieces. The steel is easily disassembled and shipped by truck, i.e., the
time reversal of the process we used twenty years ago. However, the 15 m-diameter coils were
wound in Brookhaven Building 919. In order to maintain the exceptional magnetic field, the
coils may not be disassembled to the degree that would allow conventional trucking. Special
transportation for the very large load is required. Transporting the coils in their horizontal
orientation is highly desired in order to prevent extraordinary forces and stresses on the coils.

The largest portion of the coil transport will occur by barge from Long Island, New
York to Illinois via the Mississippi River system to the Illinois Waterway. Along the eastern
seaboard the barge will travel through the Intracoastal Waterway keeping the barge near
ports and in calm waters as compared to open sea travel. An ocean tug will be used from
Long Island to New Orleans. A river tug will be used for the remainder of the trip to Lemont,
[linois. A back up plan could route the barge north via the St. Lawrence Seaway and Great
Lakes to the Illinois Waterway.

A feasibility study in 2012 studied the best mode of transportation for the remaining
short distance over land between the labs and ports in both Long Island and Illinois. The
result of the study indicated that the use of a specialized truck and trailer is the best option.
Some vendors in the heavy haul industry are capable of performing the work required with
a specialized truck/trailer suitable for moving the g — 2 coils. A transportation review based
on the feasibility study was held at FNAL in September, 2012. One of the recommendations
from this review was to be sure that we document the coil/cryostat system before the move.
The documentation is given in Fermilab g — 2 doc-db references [1], [2], [3], [4], and [5].

A Request for Proposal (RFP) was written at Fermilab and a meeting for the coil/cryostat
transportation was held at BNL in November, 2012. Four companies replied to the RFP
and attended the meeting; three of these submitted proposals. Emmert International was
chosen to perform the work and the contract was signed.

The present plan is to truck the coil/cryostat from Brookhaven National Laboratory to
Smith Point Marina in Suffolk County, Long Island. From this port the barge will travel to
the Ozinga port on the Illinois Waterway. From the port in Lemont, the coils will travel via
specialized truck/trailer to FNAL this summer.

195
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196 RELOCATION OF THE E821 STORAGE RING MAGNET

An analysis has been performed by Emmert International to determine the deflection of
the shipping fixture arms while supporting the coils. This has been determined for various
support conditions that the fixture will undergo during the phases of the shipment. The
results of the Emmert calculations have been verified at Fermilab. The expected forces and
deflections have also been imposed on the coils in a Finite Element Analysis at Fermilab.
The stresses imposed on the coils are seen to be low on the order of a few hundred psi. The
coils and other internal components of the cryostats are not expected to be damaged as a
result.

The shipment of the coils will be performed using a quality assurance plan. The plan
will provide a means of assuring that the coils will not see stresses above those that we plan
for. Severe storms will be avoided. Distant storms that cause higher than normal wave
motion will be monitored. The shipment will be monitored with accelerometers capable of
transmitting a signal. For wave motion approaching our limits, the barge will be called to safe
harbor. A safe harbor plan will be a part of this quality assurance plan. The accelerometer
readings will be recorded for later analysis as well.

9.1 Preparations for Shipping

Figure 9.1 shows a recent picture of the cryostats and the mostly disassembled steel. In this
photo the upper yoke plates have been removed as well as much of the spacer plates. The
coils will be removed for shipment before most of the lower yoke and the remaining spacer
plates will be moved.

The following are the important activities occurring (or in process of occuring) in prepa-
ration for the move:

e Replacing all the G10 radial stops with Aluminum stops. The G10 stops do not touch
the mandrel when warm, only when cold. The Aluminum stops are longer and are
designed to touch the mandrel. This prevents the coil from moving side-to-side.

e For the outer coil, vertical bolts at the hangar locations will be inserted through the
cryostat’s top surface, and engage the mandrel. This is additional protection to prevent
the mandrel from moving side-to-side. FEA simulations of this item and of the first
item, show that these safeguards are sufficient for handling the worse case of 0.7 g side
load.

e The exposed (unpainted) surfaces of the yoke steel was coated with Cosmoline to
prevent rusting.

e A structure has been designed to support the interconnect and the hardware outside
the outer cryostat (see reference [6]). This is to minimize the stress on both the coils
and cryostat walls.

e A shrink wrap will cover the cryostats during the move.

e During the move, dry nitrogen will be flowing through the cryostat to keep it dry.
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Figure 9.1: Coils/Cryostats at BNL.

2 9.2 The Coil Shipping Fixture and Transportation

/—INNER BOLT FLATES {QTY B)

RADIAL BOLT PLATE (QTY 2)
WEIGHT: 864 L5S EACH \\

MAIN PLATE GIRDER (QTY 8)—,
WEIGHT. 4,144 LBS EACH \\

CENTER COLUMN (QTY 1) —— -
WEIGHT: 757 LBS EACH

\ INNER GIRDER (QTY 8)
WEIGHT: 1,409 LBS EACH

Figure 9.2: The shipping fixture.

4207 Figure 9.2 shows the shipping fixture as specified by Fermilab and designed and built
20s by Emmert International per the criteria to carry the coils. The coils will remain very flat
2200 during the shipment to limit the stress imposed onto the coils.

4300 Figure 9.3 shows an engineering drawing of the mover and support fixture. The overall
w01 length of this rig is in excess of 117 feet. The trailer has three hydraulic zones to keep the
sz load level and to distribute the weight to the wheels evenly. The truck will move slowly
w03 over the roadways ranging from walking speed to a maximum of 10 mph depending on the
e terrain and the proximity of obstacles along the path. The shipment will move over public
a5 roadways during night time hours to limit disruption to public traffic.
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Sl B

Figure 9.4: Scaled model showing the specialized truck and trailer holding the coils.

4306 Figure 9.4 shows a model of the mover and support fixture. The 50 foot diameter coils
w07 require roughly the width of four traffic lanes to traverse the roadways in Long Island and

w08 1llinois.
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Figure 9.5: Shipping fixture with coils shown secured to the barge.

Figure 9.5 shows a drawing of the shipping fixture with coils secured to the barge. The

4309
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s10  barge that we plan to utilize has a 54 foot width by 180 foot length. This barge size is chosen
s to limit the maximum roll, pitch, and heave the coils will experience over the water.
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Chapter 10

The Muon Storage Ring Magnet

10.1 Introduction

As emphasized in Chapter 2, the determination of the muon anomaly a, requires a precise
measurement of the muon spin frequency in a magnetic field w,, and an equally precise
measurement of the average magnetic field felt by the ensemble of precessing muons, (B).
We repeat the spin equation given in Eq. 3.11, since it is central to the design of the storage-

ring magnet.
2 — —
— m B xE
B =
a, b + (aﬂ (p ) ) .

As explained in Chapter 2, the need for vertical focusing and exquisite precision on (B)
requires that: either the muon trajectories be understood at the tens of parts per billion
level, and the magnetic field everywhere be known to the same precision; or the field be
as uniform as possible and well-measured, along with “reasonable knowledge” of the muon
trajectories. This latter solution was first employed at CERN [1] and significantly improved
by E821 at Brookhaven [2]. The uniformity goal at BNL was +1 ppm when averaged over
azimuth, with local variations limited to < 100 ppm.

Fermilab E989 will use the storage-ring magnet designed and built for Brookhaven E821,
with additional shimming to further decrease the local variations in the magnetic field. This
requires the relocation of the ring from BNL to Fermilab, which is described in detail in the
following chapter. While the magnet steel comes apart and can be moved by conventional
trucks, the 14.5 m diameter superconducting coils will need to be moved as a package, on a
custom designed fixture that can be pulled by a truck to travel by road, and put on a barge
to travel by sea, and then again by road to get it to the Fermilab site.

The storage ring is built as one continuous superferric magnet, an iron magnet excited by
superconducting coils. A cross-section of the magnet is shown in Fig. 10.1. The magnet is
C-shaped as dictated by the experiment requirement that decay electrons be observed inside
the ring. The field, and hence its homogeneity and stability, are determined dominantly
by the geometry, characteristics, and construction tolerances of the iron. Although both
copper and superconducting coils were considered, the use of superconducting coils offered
the following advantages: thermal stability once cold; relatively low power requirements;
low voltage, and hence use of a low-voltage power supply; high L/R time constant value

- Qe

m

. (10.1)

a
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Figure 10.1: Cross section of the E821 storage-ring magnet. The yoke is made up of 12
azimuthal sections, each of which consists of six layers of high quality magnet steel provided
by Lukins Steel Corporation. The pole pieces were provided by Nippon Steel Corporation.

and hence low ripple currents; and thermal independence of the coils and the iron. The
main disadvantage was that the coils would have a much larger diameter and smaller height
than any previously built superconducting magnet. However, since the E821 magnet team
could not identify any fundamental problems other than sheer size, they decided to build
superconducting coils.

To obtain the required precision in such a large diameter magnet with an economical
design is an enormous challenge. The magnet had to be a mechanical assembly from sub-
pieces because of its size. With practical tolerances on these pieces, variations up to several
thousand ppm in the magnetic field could be expected from the assembled magnet. To
improve this result by the required two to three orders of magnitude required a shimming
kit.

Because of the dominant cost of the yoke iron, it was an economic necessity to minimize
the total flux and the yoke cross-section. This led to a narrow pole, which in turn conflicts
with producing an ultra-uniform field over the 9 cm good field aperture containing the muon
beam.

A simple tapered pole shape was chosen which minimized variations in the iron perme-
ability and field throughout the pole. The ratio of pole tip width to gap aperture is only
2/1. This results in a large dependence of the field shape with the field value B. However,
since the storage ring is to be used at only one field, B = 1.45 T, this is acceptable. Because
of dimensional and material property tolerance variation, the compact pole piece increases
the necessity for a simple method of shimming.

Experience with computer codes, in particular with POISSON [4], had demonstrated that,
with careful use, agreement with experiment could be expected at a level of 10~* accuracy.
POISSON is a two-dimensional (2D) or cylindrically symmetric code, appropriate for the essen-
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tially continuous ring magnet chosen for the (g — 2) experiment. Computational limitations,
finite boundary conditions, and material property variations are all possible limitations on
the accuracy of paper calculations of the design.

We will briefly discuss the design features that are relevant to E989, especially to moving
the ring, but not repeat all the details given in Danby et al. [3], and in the E821 Design
Report [5]. The parameters of the magnet are given in Table 10.1.

Table 10.1: Magnet parameters

Design magnetic field 1.451 T
Design current 5200 A
Equilibrium orbit radius 7112 mm
Muon storage region diameter 90 mm

Inner coil radius - cold 6677 mm
Inner coil radius - warm 6705 mm
Outer coil radius - cold 7512 mm
Outer coil radius - warm 7543 mm
Number of turns 48

Cold mass 6.2 metric tons
Magnet self inductance 0.48 H

Stored energy 6.1 MJ
Helium-cooled lead resistance 6 uf2

Warm lead resistance 0.1 m<2

Yoke height 157 cm

Yoke width 139 cm

Pole width 56 cm

Iron mass 682 metric tons
Nominal gap between poles 18 cm

10.2 Yoke Steel

E989 will reuse the yoke steel manufactured for the E821 experiment. The yoke pieces have
been surveyed and disassembled at Brookhaven and are in the process of being shipped to
Fermilab. The design and construction of the magnet has been documented and published
in NIM [3] as well as the final report in Phys. Rev. D [2]. We summarize the main design
features and issues here, with a discussion of potential improvements in Section 10.4.
Ideally, the g — 2 magnet would be azimuthally symmetric. To ease the fabrication and
assembly processes, the magnet was built with twelve 30° sectors. Each sector consists of an
upper and lower yoke separated by a spacer plate as shown in Fig. 10.1. Due to the large
thickness of the yoke (54 cm), the individual plates were fabricated separately and welded
together after machining. The spacer plate is also split at the midplane to allow for the
installation of beam pipes and other services after the lower section is in place but prior to
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the installation of the upper yoke. The yoke plates and spacers in each sector are all fastened
together with eight long high-strength steel bolts that cover the full 1.57 m tall yoke. The
total sector mass is ~ 57,000 kg, which results in a total magnet mass of ~ 680,000 kg.

Significant quality control efforts were taken during the manufacturing process to ensure
that the magnet had sufficiently uniform permeability and the appropriate geometric shape.
Both of these parameters have strong effects on the uniformity of the magnetic field in the
storage region.

High-quality plates were manufactured by hot-rolling AISI 1006 iron to minimize mag-
netic voids in the material. These plates were manufactured with < 0.08% of carbon and
other impurities. The finished plates were inspected ultrasonically to detect voids and in-
clusions, and analyzed chemically to understand the composition.

Although the yoke steel is partially magnetically isolated from the storage region by an
air gap near the pole pieces, strict machining specifications are required to minimize non-
uniformities in the storage region field. The surfaces of the yoke plates closest to the storage
region were milled flat within 130 ym and 1.6 pm finish. Similarly, the spacer plate surfaces
were milled flat within £130 pm, with a thickness accurate to £130 pm. These surfaces are
parallel within 180 pum. The radial tolerance for each yoke plate and the spacer plates was
+130 pm. When constructed, the vertical yoke gap had an rms deviation of £90 pm, or
500 ppm of the total air gap of 20 cm, and a full-width spread of 4200 pm.

Each of the 12 sectors need to be connected smoothly to achieve azimuthal symmetry. To
achieve azimuthal continuity, each sector end has four radial projections for bolts to fasten
adjacent sector ends to each other. When the sectors are fitted to each other, shimmed, and
the bolts tightened, relative motion of adjacent sectors is minimized. The average azimuthal
gap between sectors was 0.8 mm, with an rms deviation of +0.2 mm.

When we begin to reconstruct the storage ring, we will clean the yoke steel and remove
any rust that has developed. It will be important to do this in a non-destructive manner
that maintains the high-level of precision achieved during manufacturing.

10.3 Poles and Wedges

E989 will reuse the pole pieces and wedge shims that were manufactured for the E821 exper-
iment. The pole pieces and wedges have been removed from the storage ring at Brookhaven
and have already been shipped to Fermilab where they are awaiting reassembly.

10.3.1 Poles

More stringent quality requirements are placed on the machining of the pole pieces than
the yoke steel. The air gap between the yoke and pole pieces decouples the field region
from non-uniformities in the yoke. Thus, irregularities in the pole pieces dominate the field
aberrations. Ultra-pure continuous vacuum cast steel with < 0.004% carbon impurities is
used for the pole pieces. The fabrication process greatly minimizes impurities such as ferritic
inclusions or air bubbles.

A dimensioned view of the pole pieces is shown in Figure 10.2. Each 30° yoke sector
contains three pole pieces (azimuthally). The pole pieces are 56 cm wide (radially), with
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Figure 10.2: Cross section view of the magnet gap region.

a tolerance of 50 pum. The thickness (vertical) of each piece is 13.3 cm with a tolerance of
40 pm. The pole faces which define the storage ring gap have tight machining tolerances.
Each face has a flatness tolerance of 25 pum, leading to upper and lower faces being parallel
within a 50 pum tolerance. The surface finish is 0.8 ym. These machining tolerances are
so stringent due to the large quadrupole moment introduced by non-parallel surfaces. An
OPERA-2D simulation of the magnet has determined that a 100 pm tilt of the pole piece
over its width corresponds to > 100 ppm. This is in good agreement with the 2D POISSON
calculations performed for the E821 simulations.

Each yoke sector contains three pole pieces. Vertically, the pole pieces are mounted to
the yoke plates with steel bolts. The outer two pieces are each machined radially, parallel
to the yoke sector. The middle pole piece in each sector is interlocking, with an angle of
7° with respect to the radial direction. The pole pieces were isolated azimuthally by 80 um
kapton shims, which served two purposes. First, the kapton shims helped position the pole
pieces at the correct azimuth. Second, the kapton electrically isolated the poles from each
other, allowing small reproducible eddy currents. If the poles were all in contact with each
other, large eddy currents would develop around the entire circumference of the ring during
field ramping.

The pole gap distance was measured using a capacitive sensor, as described in Section
16.8.2. The gap was 18 cm with an rms variation of £23 pm, and a full range of 130 pm.
As the magnet is powered, the induced torque causes the open side of the C-magnet (inner
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radius) to close slightly. Thus, during the installation, the poles were aligned with an opening
angle of 80 urad. A precise bubble level was used to achieve 50 pm precision over the length
of the pole piece. Pole realignment will be part of the shimming process described in Section
16.8.2.

10.3.2 Wedges

The gaps between the yoke and poles isolate the yoke steel from the poles and provide
a region where shims can be inserted to fine-tune the magnetic field. Steel wedges that
are sloped radially (see Fig 10.2) are inserted to compensate for the intrinsic quadrupole
moment produced by the C-magnet. There are 72 wedges in each 30° yoke sector. The
induced quadrupole term depends on the slope of the wedge, which was calculated to be
1.1 cm over the 53 cm width for E821. This wedge angle was verified empirically, and no
additional grinding was needed. The radial position of the wedges can be adjusted to change
the total material in the gap, affecting only the dipole moment (see Section 16.8.3).

During the ramping of the main coil current, the thick end of the wedge attracts more
field lines, leading to a torque. To prevent the wedges from deflecting vertically, an aluminum
“anti-wedge” is used to fill the air gap between the wedge and the pole piece.

E989 will reuse the wedge-spacer combination as is. Fine tuning of the quadrupole
moment can be achieved with active current shims, as discussed in Section 16.8.3.

10.4 Thermal Effects

Temperature variations in the experimental hall are expected to be controlled within +1°C
during the course of data taking. This will change the shape of the magnet, which will in
turn change the magnetic field. We produced thermal simulations with ANSYS to quantify
the geometric distortions, which are then input into the OPERA-2D model of the storage ring.

E821 used 3.5” of fiber glass insulation around the bulk of the yoke and 3/8” foam
rubber insulation near the poles pieces, as shown in Figure 10.3 (a). Reasonable thermal film
coefficients in the range of 5-25 W/m?C were used at the surfaces of the magnet. Thermal
oscillations based on day-night temperature cycles are imposed on the g — 2 magnet system
and modeled with ANSYS. The air temperature is assumed to be spatially uniform throughout
the hall. The model indicates that this will lead to thermal fluctuations at the yoke and
pole pieces of a few tenths of a degree, as shown in Figure 10.3 (b). The pole pieces are
constrained mechanically to prevent sliding, thus, in response to the thermal variations, they
bend.

Figure 10.4 shows the response of the magnet under the 1°C hall fluctuations. The
contours show the maximum extent of the deflection for both radial shifts (Figure 10.4 (a))
and vertical shifts (Figure 10.4 (b)). The deflections are on the order of 1 pm per degree
C change in the hall temperature. The parallelism of the pole faces is known to affect
the higher-order multipole components of the magnetic field. Figure 10.5 plots the relative
change in the pole gap as a function of radius for the thermal changes described above.

Two different thermal contact resistances of the pole foam rubber insulation were mod-
eled. In both cases, the gap distortion leads to a change of about 1 ym. The pole gap
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Figure 10.3: (a) An ANSYS model of the g — 2 storage ring includes the thermal insulation
used in E821. (b) Thermal oscillations based on day-night temperature cycles are imposed
on the g — 2 magnet system assuming a £1°C. The temperature variations of the yoke
(purple) and pole (red) are overlaid.

distortions were input into the OPERA-2D magnetic field simulation. Distortions on the order
of a few tenths of a ppm were observed in the sextupole and octupole moment with a change
of 1 pum in the pole gap. Because the monitoring of the higher order multipole moments is
done primarily with the trolley runs, extrapolation of the field map from the fixed probes
during the main data collection will rely on stable magnet geometry.

The ANSYS and OPERA tools nicely complement each other and allow us to understand
the effects of magnet deflections in E989. We plan to repeat these studies with varied
insulation thickness and with additional insulation around the inner superconducting coils.
With a high quality temperature control system stabilizing the experimental hall and better
thermal isolation of the steel, E989 will have significantly smaller time-dependent magnet
distortions than E821. This will lead to more stable multipole components.

10.5 The Superconducting Coil System

10.5.1 Overview

The coil design was based on the TOPAZ solenoid at KEK [6]. TOPAZ conductor was used,
with pure aluminum stabilizer and niobium-titanium superconductor in a copper matrix.
Conductor characteristics are given in Table 10.5.1. At full field the critical temperature
of the outer coil is 6.0 K. The magnet typically operates at 5.0 K. This represents 76% of
the superconductor limit. Each coil block is effectively a very short solenoid with 24 turns,
and one layer. The coils are wound from the inside of the ring so that, when powered,
the coils push out radially against a massive aluminum mandrel. Cooling is indirect with
helium pipes attached to the mandrels. The coil turns, coil stack and insulation are epoxied
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Radial Shifts (microns) at Extremum Vertical Shifts (microns) at Extremum

ANSYS 13.05P2

DEC 4 2012 ﬁ'sfgaﬁm
05:59:19 05:59:40
NODAL SOLOTION WODAL SOLITION
gi'-i STEP=1

= s =1
r;![IE.-. ZSSE+QT TIME~.255E+07
X (AVG) oy TAVG)
FESYS=0 BEYS=0
PowerGraphics PowerGraphics
EFACET=]1 EFACET=1
AVEES-Mat AVEES=Mat
X =-3. 7187 DX =3, T187
f=- --g.éiff: Al --.T8103%
=8 --3-:32?3 8% =. 400969
- -.T81625
— -3.5570%9 = =, 648803
= -3.4213% = - 516582
= -3. 28562 - 38436

-3.14588 — @
[— . 252139
= =3.01414 -|:| =. 119917
] =2.07T64 O 012305
= —g.:;fgg = - 144526

2. ZTETHE
= =2.47T11% -

- 408965

(a) (b)

Figure 10.4: The thermal fluctuations depicted in Figure 10.3 are imposed on the magnet,
causing distortion of the magnet, as modeled in ANSYS. The deflections are decomposed in
(a) the radial and (b) the vertical dimensions for the worst-case scenario.

together, forming a monolithic block. The coils hang from the cryostat with low heat load
straps, and the shrinkage and expansion of the coils is taken by the straps. The coils are
located using radial stops on the inner radius. For the outer coil the stops transfer the force
from the coil to the cryostat box, and push rods from the iron yoke transfer the force from
the box to the iron (see Fig. 10.7). For the inner coils, pins replace the pushrods.

When the coils are cooled, they contract down onto the radial stops into a scalloped
shape. When powered, the Lorentz force pushes the coils outward, increasing the force
against the mandrel, which provides cooling. This feature, the result of winding on the
inside of the mandrel, reduces the risk of cooling problems even if the coil were to separate
from the mandrel during transport [7].

A ground plane insulation band of 0.3 mm thickness was built from a sandwich of three
layers of 50 um kapton, epoxy coated, between two layers of epoxy-filled fiberglass. The
insulation assembly was fully cured and placed into the mandrel. A 0.1-mm layer of B-
stage epoxy film was placed between the mandrel and kapton laminate, and between the
kapton laminate and the conductor block after winding. A 4.8-mm thick G-10 piece was
placed on the winding ledge, and on top and on the inner radius of the completed coil block.
The epoxy-filled fiberglass in the ground plane insulation sandwich improved heat transfer
between coil and mandrel.

The coil was then wound using a machine that wrapped the superconductor with three
overlapping layers of 25 um of kapton and fiberglass filled with B-stage epoxy, 19 mm in
width, laying the conductor into the mandrel with a compressive load as described in Ref. [3].
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Change In Pole Gap along Radius — Absolute Value of Maximum Amplitude
1.4
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Figure 10.5: The deflections of the pole pieces under thermal variations are quantified in
ANSYS simulations as a function of the radial coordinate. Typical fluctuations of 1°C will
produce micron scale distortions. Two different thermal contact resistances are shown.

. R=7112 mm from ring center

—— Outer cryostat i
: ——— [r0n wedge
| Upper pole piece
- !
. : . : ~__—Pole bump
&%%nnel y +Muon storage
45> region
Inflecto ] p=45 mm Beam vacuum
cryosta chamber
» X Pole bump
Superconducting \ rartition wall
coils assive superconducting

shield

— [ron wedge

Figure 10.6: The arrangement of the pole pieces, shimming wedges and the inflector cryostat,
showing the downstream end of the inflector where the beam exits. The beam is going into
the page, and the ring center is to the right.
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Figure 10.7: The spring-loaded radial stop and push rod. The stops are attached to the
cryostat inner wall. The push rods preload the outer cryostat, attaching to the yoke at the
outer radius, passing through a radial slot in the yoke to the outer cryostat.

The wrap was tested at 2000 V DC during the wind. Aluminum covers were added after the
coil was wound, and the entire assembly heated to 125 °C to cure the epoxy. See Fig. 10.8.

The outer coil contains two penetrations, one to permit the beam to enter the ring, and
one which could have permitted high voltage to be fed to a proposed electrostatic muon
kicker. It was decided at the time to make this “kicker penetration” in the outer coil, but
not to make a hole through the magnet yoke until it was shown that this kicker could be
built (which was not demonstrated).

LHe cooling
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Figure 10.8: The outer and inner coil structures. Both are shown in their warm configuration.

The coils are indirectly cooled with two-phase He flowing through channels attached to
ss22 the mandrel, as shown in Fig. 10.8. The two-phase helium cooling avoids the increase in
a3 temperature that would occur in a circuit cooled with single-phase helium. The operating
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Table 10.2: Superconductor parameters

Superconductor type NbTi/Cu
Nominal dimensions 1.8 mm x 3.3 mm
NbTi/Cu ratio 1:1

Filament 50 pym

Number of filaments 1400

Twist pitch 27 mm
Aluminum stabilizer type Al extrusion
Ni/Ti composite dimensions 3.6 mm x 18 mm
Al/(NbTi + Cu) ratio 10

RRR (Al) 2000-2500

RRR (Cu) 120-140

I, 8100 A (2.7 T, 4.2 K)

temperature of the coils is within 0.2 K of the coldest temperature in the cooling circuit.
The advantages of two-phase cooling are: (1) the helium flows in well-defined flow circuits;
(2) the total amount of helium that can be flashed off during a quench is limited to the mass
of helium in the magnet cooling tubes; and (3) the location of the helium input and output
from the cryostat and the location and orientation of the gas cooled leads are not affected
by the cooling system [8].

The key to the operation of a two-phase helium cooling circuit is a helium dewar (the
control dewar) that contains a heat exchanger. This heat exchanger sub-cools the helium
from the J-T circuit before it enters the magnet cooling circuits. This isobaric cooling
provides a higher ratio of liquid to gas with a higher pressure and lower temperature than
the refrigerator J-T circuit alone would provide. This feature is important for the long
cooling channels in the magnet cooling circuits. The use of a heat exchanger in the control
dewar reduces the helium flow circuit pressure drop by a factor of two or more. The control
dewar and heat exchanger also have the effect of damping out the oscillations often found in
two-phase flow circuits. The helium in the control dewar acts as a buffer providing additional
cooling during times when the heat load exceeds the capacity of the refrigerator.

The (g —2) cooling system was originally designed to have three separate cooling circuits:
a 218 m long cooling circuit that cools all three mandrels in series, the lead and coil inter-
connect circuits that are 32 m long (the gas-cooled leads are fed off of this circuit), and a
14 m long cooling circuit for the inflector magnet. Later the cooling system was modified to
permit each of the mandrels to be cooled separately. Ultimately, the (¢ — 2) cooling system
operates with parallel cooling circuits for the coils, inflector, and lead cooling. Electrically,
the three coils are connected in series so that the two inner coils are in opposition to the
outer coil to produce a dipole field between the inner and outer coils. The magnet is powered
through a pair of tubular gas-cooled leads developed for this application. Each lead consists
of a bundle of five tubes. Each tube in the bundle consists of three nested copper tubes with
helium flow between the tubes. The copper tubes used in the leads are made from an alloy
with a residual resistance ratio of about 64. The lead length is 500 mm. A typical cool down
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from 300 to 4.9 K takes about 10 days. Once the control dewar starts to accumulate liquid
helium, it takes another day to fill the 1000 1 dewar. In operation, the pressure drop across
the magnet system is about 0.02 MPa (3.0 psi). We initiated several test quenches and had
one unintentional quench when the cooling water was shut off to the compressors. The peak
measured pressure during a 5200 A quench was 0.82 MPa (105 psi). Other places in the
cooling circuit could have a pressure that is 40% higher. The quench pressure peak occurs
11 s after the start of the quench. The quench pressure pulse is about 12 s long compared
to current discharge time constant at 5200 A of 31 s. The outer coil mandrel temperature
reaches 38 K after the quench is over. Re-cooling of the magnet can commence within 5 min
of the start of the quench. After a full current quench, it takes about 2 hours for the outer
coil to become completely superconducting. The inner coils recover more quickly.

Table 10.3: Estimates of cryogenic heat leaks

4.9 K load 80 K load

(W) (W)
Magnet system heat load Outer coil cryostat 52 72
Two inner coils 108 7
Inflector 8 )
Interconnects 11 46
Magnet subtotal 179 200
Distribution Helium piping 19
Control dewar 5
Interconnects/valves 33 32
Nitrogen piping 34
Distribution subtotal 57 66
Lead gas (1.1 g/s) Equivalent refrigeration 114
Total refrigeration 351 266
Contingency 70 51
Cryogenic design Operating point 421 308

Both persistent mode and power supply excitation were considered. The total flux,
J B- ds, is conserved in persistent mode. However, room temperature changes would result
in changes in the effective area. Thus although the flux, is conserved, the magnetic field in
the muon storage region is not. Persistent mode would also require a high-current super-
conducting switch. Power supply excitation with NMR feedback was chosen, although no
feedback was used for the 1997 run. This method gives excellent control of the magnetic
field and allows the magnet to be turned off and on easily. The power supply parameters
are shown in Table 10.5.1.

The quench protection design parameters were determined by the requirements of mag-
netic field stability and protection of the magnet system in case of a quench. When the
energy is extracted, eddy currents are set up in the iron which oppose the collapse of the
field. This can cause a permanent change in the magnetic field distribution [9]. This is
sometimes called the ‘umbrella effect, since the shape of the change over a pole resembles an
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Table 10.4: Power supply parameters

Rating 5V, 6500 A

Rectifier 480 VAC input, 12 pulse
(Two +15°, 6 pulse
units in parallel)

Output filter 04 F

Regulator Low-level system 0.1 ppm stability with
17 bit resolution
Power section Series regulator with
504 pass transistors
Cooling Closed loop water system
with temperature regulation
Regulation Current-internal DCCT 40.3 ppm over minutes
to several hours
Field-NMR feedback +0.1 ppm (limited by
(current vernier) the electronics noise floor)

Manufacturer Bruker, Germany

umbrella. The eddy currents are minimized if the energy is extracted slowly. There will also
be eddy currents in the aluminum mandrels supporting the coils. Electrically, this can be
represented by a one turn shorted transformer. These eddy currents will heat the mandrels
and can cause the entire coil to become normal. This is called quench-back. This has several
beneficial effects. The part of the stored energy that is deposited in the coil is deposited uni-
formly over the entire coil and mandrel assembly. Also, once quench-back occurs, the energy
extraction process is dominated by the quenchback and not by the specifics of where the
quench occurred. Therefore, the effects of a quench on the reproducibility of the magnetic
field should be minimal.

The energy extraction system consists of a switch, resistor, and quench detection elec-
tronics. An energy extraction resistor of 8 m{2 was chosen. Including the resistor leads, the
room temperature resistance is 8.8 m{2. This gives an 1/RC time constant of 1 minute. The
actual time constant varies due to the temperature increase of the coil and dump resistor and
the effect of eddy currents in the mandrels during the energy extraction (see below). This
resistance value was calculated to cause quenchback in the outer mandrel within 2 seconds at
full current. The quench protection circuit is shown in Figure 10.9. The energy extraction
trigger for a quench which originates in one of the coils is the voltage difference between
matching coils; for example, V (outer — upper) — V (outer — lower). Since the inductance is
effectively the same, the voltages should be equal even while charging the magnet, unless a
quench develops in one coil. This quench threshold is set at 0.1 V. However, the coil inter-
connects are thermally coupled together with the helium tubes. It is possible that a quench
in an interconnect could propagate to both coils almost simultaneously. Therefore, a voltage
threshold of 10 mV was chosen for each interconnect. The outer upper to lower interconnect
is only 1 m long. This threshold was set to 5 mV. The thresholds were determined by the
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Figure 10.9: Diagram of the quench protection circuit.

requirement that the quench be detected within 0.2 s. The gas-cooled leads develop a voltage
of typically 15 mV at full current. If the lead voltage exceeds 30 mV, the energy is extracted.

10.5.2 Preparations Prior to Transportation

No significant changes will be made to the design, and nearly all components are reused
from E821. The WBS sections below describe the steps to reassemble and recommission the
items above. We will not need to fabricate any parts, other than to replace old components
or to build spares.

Prior to the coil transportation, room temperature tests were performed to verify as much
as possible the working state of the system. These were:

e Electrical verification of the instruments connected to the coil and/or mandrel. These
refer to the temperature probes, voltage taps for quench detection, and strain gauges.
The instruments connected to the cryostat consists of thermometers, voltage taps, and
strain gauges. These are indicated in figures 10.10 and 10.11. The strain gauges are
attached to the straps, which counteract the Lorentz forces, and the radial stops, which
counteract the shrinking of the radial stops due to cooling.

e Resistance measurements of the coil at room temperature, which agree with measure-
ments performed in 1995 (see table 10.5).
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Outer Cryostat Thermometer and Strain Gauge Locations
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Figure 10.10: Location of outer coil instrumentation, showing the LHe LN, thermometers,
and strain gauges. There are typically eight thermometers placed at each azimuthal location,
with the positions indicated above.

e The resistance between the coil leads and ground was measured to be a few kohms,
where as an open resistance was expected. Further tests showed the 'short-to-ground’
occurring at the connection between the inner lower coil and the power supply (see
figure 10.15), and is a straight-forward repair. There is no short within the coils them-
selves. This short was likely present during E821 running, and would have contributed
a 0.01 mA current-to-ground, out of a total of 5200 A. This is 2 ppb effect and would
not have been seen in E821 (see references [11] and [12]).

Following this verification, the interconnections between the three coils (see figure 10.12)
were separated by a grinding wheel. The temperature was monitored and kept well below
100 °C during the process to minimize degradation to the Aluminum resistance and the
NbTi current-carrying capacity. Figures 10.13 and 10.14 show the details of the welds that
were cut in this region.
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Inner Cryostat Thermometer and Strain Gauge Locations
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Figure 10.11: Location of the lower inner coil instrumentation, showing the LHe and LN,
thermometers, and strain gauges. The instrument locations are symmetrically placed for the
upper coil instruments. There are typically eight thermometers placed at each azimuthal
location, with the positions indicated above.

10.5.3 Cryostat Vacuum Chambers

This WBS consists of the vacuum chambers that provide the thermal insulation for the coils.
After the interconnects have been rewelded (see section 10.5.7), the vacuum flanges enclosing
that region will be reconnected.

For transportation, a vacuum port connected to the outer cryostat will be cut in order
to gain clearance. Therefore, this pipe will be rewelded upon reassembly at Fermilab.

10.5.4 Vacuum Pumps

New or refurbished ‘dry’ vacuum pumps will be used to pump down the cryostat vacuum
chambers. The pumps must remain a few meters away from the storage beam region in order
to not perturb the precision magnetic field. The vacuum quality needed is about 10~* Torr.

E821 implemented a mechanism described below to deal with a potential failure mode
called the “cold cryostat problem.” In the event of loss of cryostat vacuum while the coils are
cold, the cryostat walls will also become cold and therefore will shrink. Such could happen
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N

Figure 10.12: The connections between the three coils are indicated. The upper(lower)
red box is the connection between the outer-upper (outer-lower) coil and the inner-upper
(inner-lower) coil.

if the cryogenic lines leaked cryogens into the vacuum. However, the cryostat positions are
firmly attached to the yoke steel in order to have a well-defined coil position. Therefore,
the cryostat wall at the attachment point would experience stresses exceeding the allowable
value for Aluminum.

For this potential failure scenario, E821 implemented a scheme to trigger a large Roots
blower vacuum pump to rapidly evacuate the vacuum chamber.

10.5.5 Power Supply and Quench Protection

The power supply for the main ring will be the same unit used in E821 and as described
in reference [3]. Therefore the design and specifications will be the same. Once moved to
Fermilab, the power supply will be refurbished, tested, and then commissioned for installation
and use. A similar process will be used for the quench protection circuitry and components.
The voltage taps and quench detection circuitry are located as shown in figures 10.15 and
10.16.
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LN2 cooling lines

LHe cooling Lines

Seam weld
between
two super
conductors
that were
cut.

Figure 10.13: Photograph of the region of the interconnection, indicating welds and cooling
lines.

Once the hardware examination and the necessary replacement procedures have been
completed, the power supply unit will be tested in stages. This testing process will be done
in a staging area and not connected to any other component:

e Stage 1: AC power will be applied to the separate modules of the unit. This is to first
check out operation of readout and controls.

e Stage 2: AC power will then be applied to the complete unit with no DC load con-
nected. This is designed to observe and check out the initial operation and to exercise
the controls.

e Stage 3: Once the controls operation is verified, a partial DC load (10-20%) will be
applied to exercise the output and to check for stability.

e Stage 4: Add parallel DC loads to the output to slowly bring up the power supply to
full power. Once the initial checkout is done, this step will be repeated.

The quench detection voltage threshold used for E821 was 100 mV across the coils, and 10 mV
across each interconnect between the outer and inner coils, and 5 mV across the upper and
lower coils within the outer cryostat. The thresholds were determined by the requirement
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Cross Sectional View of An Interconnection

JI— Weld - LN2 Cooling
/ € Linesto be
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Super Conductor * LN2 Heat shield Not Shown

Figure 10.14: Diagram of the region of the interconnection, indicating welds and cooling
lines that were cut, in order to facilitate the transportation.

that the quench be detected within 0.2 s. The gas-cooled leads develop a voltage of typically
15 mV at full current. If the lead voltage exceeds 30 mV, the energy is extracted.

In a similar manner to that used for the power supply, the quench protection circuitry
will be examined and refurbished to its original operational state. Testing will also be in
stages until the completed unit, along with the transfer switch and dump resistor, operates
as originally designed. This testing will also be in stages and not connected to any ring
components.

Similar to E821, the dump resistor will be located outdoors. During energy extraction,
approximately 6 MJ of energy will be dissipated into the dump resistor. If the dump resistor
was located indoors, it would raise the air temperature by approximately 2 °C. While that can
be handled by the building HVAC, it would produce unwanted temperature non-uniformity
in the hall.

Once the four main components, power supply, quench protection unit, transfer switch,
and dump resistor have been tested individually, reconnection of these components will be
done in the staging area. At this time, specific procedures will be developed for reconnection.
These procedures will be fully tested and reviewed prior to connection to the main ring coils.
A simulated load will be used to mimic operation of the ring coils. The model will start with
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Coil Resistance (ohms) Sept-1995 | Resistance (ohms) Dec-2011
Inner Upper 0.429 0.430
Inner Lower 0.426 0.430
Outer Upper - 0.483
Outer Lower - 0.476
Outer Upper + Lower 0.952 0.958

Table 10.5: Room temperature coil resistance (ohms) measurements, showing consistency
between Sept-1995 and Dec-2011.
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