Design Report
BNL AGS ES821

A New Precision Measurement

of the
Muon (g — 2) Value
at the level of 0.35 ppm

Boston University, Brookhaven National Laboratory,
Cornell University, Fairfield University, University
of Heidelberg, University of Illinois, Max Planck
Institute fur Med. Forschung - Heidelberg,
University of Minnesota, Scuola Normale Superiore,
University of Tokyo, KEK, Riken, Yale University

37d Edition



Second (Revised) Printing - September 1995



Collaboration Members

D.H. Brown, R.M. Carey, W. Earle, E.S. Hazen, F. Krienen, M. Messier,
J.P. Miller, J. Ouyang, V.A. Monitch, B.L. Roberts,Jr L.R. Sulak, G. Varner,
W.A. Worstell - Boston University

J. Benante, H.N. Brown, G. Bunce,§ J. Cullen, G.T. Danby, C. Gardner, J.
Geller, H. Hseuh, J.W. Jackson, L. Jia, R. Larsen, Y.Y. Lee, R.E. Meier, W.

Meng, W.M. Morse,i C. Pai, C. Pappas, L. Polk, S. Rankowitz, J. Sandberg,
Y. Semertzidis, R. Shutt, L. Snydstrup, A. Soukas, A. Stillman, T. Tallerico,
F. Toldo, K. Woodle - Brookhaven National Laboratory

T. Kinoshita, Y. Orlov - Cornell University
D. Winn - Fairfield University

J. Gerhaeuser, A. Grossmann, K. Jungmann, G. zu Putlitz, P. von Walter
- University of Heidelberg

B. Bunker, P.T. Debevec, W. Deninger, D.W. Hertzog, T. Jones, S. Sedykh,
D. Urner - University of Illinois

M.A. Green - LBL/BNL

U. Haeberlen -Max Planck Institiute fir Med. Forschung, Heidel-
berg

P. Cushman, S. Giron, J. Kindem, D. Maxam, D. Miller, C. Timmermans,
D. Zimmerman - University of Minnesota

L.M. Barkov, D.N. Grigorev, B.I. Khazin, E.A. Kuraev, Yu.M. Shatunov,
E. Solodov - Institute of Nuclear Physics, Novosibirsk

K. Nagamine - University of Tokyo

K. Endo, H. Hirabayashi, S. Ichii, S. Kurokawa, Y. Mizumachi, T. Sato, A.
Yamamoto - KEK

K. Ishida - Riken

M. Deng, S.K. Dhawan, A.A. Disco, F.J.M. Farley, X. Fei, V.W. HughesT,
D. Kawall, M. Grosse-Perdekamp, R. Prigl, S.I. Redin, - Yale University

TCO—Spokesmen
fResident Spokesman
§Project Manager



Preface (Overview, Progress, and Milestones)

The for the muon (g-2) experiment, E821 at the Brookhaven AGS, was first proposed
to the Brookhaven program committee in September 1985. It was defended for a second
time in October 1986, and “first stage approval” was granted on 17 November 1986. A
revised proposal was submitted in October 1987. Final approval was granted on 3 March
1988. Originally there was a four-year construction schedule, which began in FY89. This
schedule was subsequently changed to a five-year one, which has stretched further. The
first beam is now scheduled for early 1996.

This document is the third and last edition of the Design Report for E821. Its prede-
cessors have, by necessity, been a statement of intentions as much as a source of details
about the experiment, since at the time of their preparation many of the details were still
being worked out.

The situation is much different now. With beam just over a year away, the super-
conducting coils wound and installed in their cryostats, the storage ring magnet almost
completed, this document is much more mature than its predecessors, and only a few
details remain to be resolved.

Muon injection now plays a central role in achieving the precision advertised in the
experiment’s name. A working decision to go with a magnetic kicker has been taken, and
the necessary R&D is well along.

The beamline, superconducting inflector, storage ring magnet, shimming of the magnet,
field monitoring and control, are all well along in development or construction. The electron
detectors are in production and their electronics are in the final prototype stage. The data
acquisition system and the slow control system are being designed, and the host computer
is already installed in the (g — 2) building. The beam dynamics calculations, which were
scarcely existent when the previous editions were written, have matured, and have even
been carried out independently at several institutions.

A rather detailed management structure has developed, and it is described in detail
in Chapter 24. Coordination between the various tasks is crucial to the success of the
project, and this is now being overseen seen by a number of coordinators who are listed in
Chapter 24.

A number of important R&D tests have been carried out over the past few years,
and the results have been reported in Muon (g-2) Technical Notes. These notes, which
document the R&D program, include the refrigerator acceptance test, shimming studies
with the test magnet, detector studies with test beam, and quadrupole and kicker studies,
among other topics, may be obtained from the (g-2) Secretary, Mrs. Joan Depken, BNL.
Only the title and a brief description is given below in the footnotes. [1-23] Additional
details are given in the appropriate chapters.

1. #190 Acceptance test of the g-2 refrigerator, Authors: R. Meier, A. Esper, and L.
Jia, 29 November 1993, Refrigerator test with dummy load.

2. #187 The performance of the WFD in the summer ’93 Testbeam run, Author: Rob
Carey, Date: 9 March 1994, The WFD is the wave form digitizer that will be used
to read the electron calorimeters. Results are compared with ADCs and 2.5 ns inter-
leaved reads with two WFDs is tried with the AGS test beam.



10.

11.

12.

13.

14.

15.

#178 High frequency attenuation in 50 ohm cables, Authors: B. Lee Roberts and
Christopher Roof, Date: November 1993,.

#177 July 1993 g-2 test beam results for the calorimeter, FSD, and SSD, Authors:
T.D. Jones, G. Garino, D.W. Hertzog, R. Carey, J. Miller, J. Ouyang, L.. Roberts, W.
Worstell, K. Arrington, D. Kefford, J. Kennedy, R. Pisani, C. Sanzeni, D.R. Winn, P.
Cushman, Date: November 1993, Studies of the electron calorimeter, front and side
scintillation detectors with the AGS test beam.

#169 Minutes of the Quadrupole Meeting of August 18, 1993, Author: Yannis K.
Semertzidis, Date: August 28, 1993, Final dimensions, test results, pressure require-
ments, DC high voltage and resonant frequency of trapped electrons gives electric
field to 0.5possibility of pumping between AGS cycles.

#168 Test setup for measuring the magnetic field due to kicker eddy currents, Au-
thors: Yannis K. Semertzidis, Francis J.M. Farley, Richard Larsen, William M. Morse,
Joe Yelk, Date: August 27, 1993, Development of a test setup to measure varying
magnetic fields, such as the remnant field from the muon kicker. A 6 mG measurement
was made in the test..

#161 Results of the tests of the Heidelberg NMR system at Los Alamos, Authors:
R. Prigl, K. Jungmann, G. zu Putlitz, P. v. Walter, U. Haeberlen, X. Fei, V. W.
Hughes, M. Janousch, W. Liu, W. Schwarz, Date: June 1993.

#156 Results of Boston University g-2 Electron Calorimeter June 1992 Beam Test,
Authors: D.H. Brown, R.M. Carey, M.B. Chertok, S. Doulas, C.S. Lin, J.P. Miller,
B.L. Roberts, W.A. Worstell, X.F. Zhang, G.T. Zwart, R. Pisani, K. Segall, D. Wall,
D.R. Winn, Date: April 18, 1993.

#144 Development of distribution ion pumps (DIPs) for g-2 beam vacuum system,
Author: H.C. Hseuh, Date: March 1993, Tests of proposed DIPs in a test magnet.

#139 Results on the Position Sensitive Detector—-Summary of the last 2 years, Au-
thors: P. Cushman and S. Hou, Date: January 19, 1993, Tests with a source and test
beam of the proposed fiber hodoscope.

#134 Progress on the electrostatic kicker, Author: Zhifeng Liu, Date: December
1992, Tests of insulators for the proposed electrostatic muon kicker.

#129 Progress on the NMR Magnetic Field Measurement System, Authors: U. Hae-
berlen, K. Jungmann, R. Prigl, G. zu Putlitz, P. v. Walter, Date: September 1992,
Includes studies of NMR in a Heidelberg test magnet.

#113 Tests of Prototype Electrostatic Quadrupoles, Authors: S. Doulas, F. Krienen,
R. Larsen, W. Morse, J. Yelk, T. Zwart, Date: April 1992, Misc: tests on hyperbolic
quads.

#89 Response of Photomultiplier Tube to Radiation, Authors: G. Brown and W.
Morse, Date: September 1991, Misc: remarks on tests using a source and tests by

AGS E871.

#87 Survey of the Magnetic Field Fluctuations and Perturbations for Muon g-2
Experiment, Authors: X. Fei, K. Woodle, and S. Dhawan, Date: July, 1991, Fluxgate

magnetometers were used to measure magnetic field fluctuations in the g-2 building.

A 1 mG field due to AGS cycling was observed.



16. #8b5 Energy Resolution, Leakage and Light Yield Studies of the g-2 prototype Scin-
tillating Fiber Calorimeter, Authors: Detector Group, Boston, Fairfield and Yale
Universities, Date: August 1991, Misc: First Results of the May-June 1991 AGS A3

beamline tests.

17. #75 Pulser for Test of Electrostatic Quadrupoles, Authors: G. Brown, F. Krienen,
R. C. Larsen, W. M. Morse, J. Yelk, Date: April 1991.

18. #61 Prototype of g-2 digitron, Authors: William M. Morse, Joseph Yelk, Date:
October 1990.

19. #47 Comments on 1989 flash test, Author: W. M. Morse, Date: May 1990.
20. +#45 Results of the wire chamber flash test, Author: W. M. Morse, Date: April 1990,

Misc: includes comments on effects of phototubes viewing charged particles.

21. #44 Status of shimming studies with the BNL test magnet, Author: K. Woodle,
Date: 23 April 1990.

22.  #39 g-2 Building Floor Stability, Authors: A. Pendzick, F. Karl, J. Mills, J. Sullivan,
Date: May 23, 1989.

23. #37 Results of Flash Tests at BNL, May 17-18 1989, Authors: P. Cushman, S.
Dhawan, B. Kerosky, M. May, J. Miller, B.L.. Roberts, D. Winn, K. Woodle, W.
Worstell, Date: 6 Feb. 1990.

This document represents a substantial amount of work on the part of the collaboration
members. Credit for its success must be spread widely over the membership. John Cumings
“cut and pasted” hundreds of figures and several chapters for the final draft and the final
version of the third edition. Without his help and good cheer, this edition would have
been even later in reaching the collaboration. Mrs. Joan Depkin has been essential both
in the preparation of chapters by BNL AGS staff as well as in the reproduction, collating
and distribution of past editions of this report. She also continues to be the librarian and
distributor for the (¢-2) technical notes, and her help in this final edition as well as in the
earlier ones is gratefully acknowledged. Ms. Pat Fleming at Yale played a major role in
putting the previous two editions together, and her contributions both there and to this
edition are gratefully acknowledged.

This document was typeset using TEXsis and I am grateful to Frank Paige for help in
some of its subtleties.

A draft of the third edition was prepared in time for the DOE review of the experiment
in May 1994. It has taken some months to finish the revisions to the manuscript, and the
editor appreciates all the help and cooperation he has received from his colleagues in
producing this document. In the interest of making this report available in a finite time,
the editor has been forced to resist making further editorial and clarifying changes to the
chapters submitted by the various teams.

BLR - Boston, March 1995



WBS Correlation with Chapters

The Work Breakdown Structure, while a useful accounting tool, does not correspond
chapter by chapter to the presentation in this document. In order to help the interested
reader find the sections relevant to a given WBS category, the following key is included.

1.1 Storage Ring Magnet
1.1.2 Magnet Yoke and Base - Chapter 8.
1.1.3 Coil and Cryostat - Chapter 8.
1.1.4 Assembly of Ring - Chapter 8.
1.1.5 Refrigerator - Chapter 9.

1.2 Beam Monitoring and Dynamics
1.2.2 Injection Into the Ring - Chapters 5, 6 and 15.
1.2.3 Particle Orbits/Phase Space - Chapter 5.
1.2.4 Primary Beam Monitoring - Chapter 6.
1.2.5 Secondary Beam Monitoring - Chapter 6.
1.2.6 Pion/Muon Beam in the Ring - Chapter 5, 15.

1.3 Magnetic Field Shims - Chapter 14.

1.4 Ring Vacuum and Quadrupoles
1.4.2 Ring Vacuum Chamber - Chapter 13.
1.4.3 Quadrupole Electrodes - Chapter 11.
1.4.4 Beam Vacuum System - Chapter 6.
1.4.5 Pulse Equipment - Chapter 11.
1.4.6 Tests - Chapter 13.
1.4.7 Inflector Cryostat - Chapters 9, 10.
1.4.8 Inflector Power Supply - Chapter 10.
1.4.9 Inflector Coil - Chapter 10.

1.5 Detectors - Chapter 16.

1.6 AGS Beam + Experimental Hall - Chapters 6, 7.
1.7 Field Measurement and Control - Chapter 14
1.8 Muon Kicker - Chapter 12

1.9 DAQ and Control
1.9.2 Host Computer - Chapter 17.
1.9.3 VME-Based DAQ - Chapters 16, 17.
1.9.4 Slow Control - Chapter 18.
1.9.5 DAQ Integration - Chapter 17, 18.



Chapter 1.
Introduction

Revised February 1994

This report describes the design and construction of a unique, high precision super-
conducting storage ring for 3 GeV/c muons, along with the beamline, detectors, and data
acquisition system which are to be used in a new precision measurement of the muon (g —2)
value at the Brookhaven National Laboratory.

The goal of AGS E821 is a precision measurement of the muon (g — 2) value, or
equivalently the anomalous magnetic dipole moment a, = %(g — 2), to 0.35 ppm which
would be an improvement by a factor of 20 compared to the present experimental accuracy
of 7.3 ppm from the last CERN experiment. [1,2] The ultrahigh precision aimed for in the

BNL experiment presents unusual challenges in physics and in technology.

1.1. General Motivation and Scope

A measurement of a, with a precision of 0.35 ppm will provide one of the most sensitive
and crucial tests of the standard theory. With the planned and expected improvement by
a factor of 3 to 4 in the experimental determination of the hadronic contribution a,(had)
to a,, the theoretical value of a, will be known with a precision of about 0.3 ppm. Hence

a comparison of theory and experiment will provide the following:

e A very high precision test of the theoretical value of a, which is based on the stan-
dard theory and has its dominant contribution from virtual quantum electrodynamic
processes. The standard theory incorporates the viewpoint that the muon is a heavy
point-like lepton and the precision of the comparison will correspond to processes with
four-momentum transfer Q* = 103(GeV/c)?.

¢ A measurement for the first time, with an accuracy of 23%, of the weak interaction
contributions to a, which arise from single loop diagrams with virtual W and Z bosons.
This measurement will provide a crucial test of the renormalizability of the unified

electroweak theory.

In addition, the following results will be obtained:

_|_

. as a test of CPT invariance.

e Comparison of ¢, and a



o Measurement of the lifetimes of 4+ and p~ in the laboratory frame of reference as a

test of special relativity and of CPT invariance.

e An improvement on the limit on the electric dipole moment of the muon as a test of

T invariance.

Beyond the standard model the muon (g — 2) value provides a sensitive and general

test for:
e Compositeness or substructure of leptons and gauge bosons.

o Extensions of the standard model with additional particle groups such as gauge bosons

or supersymmetric particles.

The physics involved in muon (g — 2) is discussed in Chapter 2. A brief summary of

the AGS experiment including its parameters and various features is given in Chapter 3.

1.2. Overview of the AGS Experiment

The principle of the experiment is based on the spin motion of polarized muons in
a storage ring and is the same as that of the third CERN measurement of a,. [1] In a
magnetic field B in a storage ring the spin precesses with an angular frequency ws which
is greater than the orbital cyclotron angular frequency w, by w,, the (g — 2) precession
frequency:
Wy = Wy — We = %auB. (1.2.1)
This equation applies for all values of the momentum. For a special value of the relativistic
variable v, an electric field does not contribute to the spin precession, and the vertical
focussing in the storage ring can be provided by electric quadrupoles, with no effect on
the spin precession of a central momentum muon. This “magic momentum” is p, is 3.09
GeV/c or equivalently the “magic v” is ¥ = 29.3. The use of electrostatic quadrupoles for
vertical focussing permits the magnetic field to be as pure a dipole field as it is possible to
make.
An accurate determination of a, requires an accurate measurement of B and of w,

together with knowledge of the constant . Our experiment aims at a determination of

e
mc
a, to 0.35 ppm, a factor of 20 improvement over the latest CERN measurement.
Longitudinally polarized muons of 3 GeV/c are stored in the ring, either by pion
injection into the storage ring which is followed by m# — p decay which provides the kick

to place muons onto stable stored orbits, or by direct muon injection together with a fast



kicker. The storage efficiency for muons stored per incident pion is ~ 26 ppm, whereas
with direct muon injection it is 7%. The physics of muon storage is discussed in Chapter
4.

Electrons from muon decay are detected with calorimeters and their times of arrival
are accurately measured. Because of the parity violating correlation between muon spin
direction and electron emission direction, the (g —2) frequency w, appears as a modulation
of the muon decay electron spectrum. The magnetic field B will be measured by proton
NMR. We plan to measure w, to about 0.3 ppm, limited principally by statistics, and B
to about 0.1 ppm.

The principal equipment to be built is the superferric storage ring with B = 1.45 T and
a diameter of 14.22 m. Since we must know B averaged over the muon storage volume with
cross sectional diameter 9 cm to 0.1 ppm, the requirements on the field homogeneity and
stability are unusually stringent. Our design of the storage ring including the requirement
of high precision is discussed in Chapters 8 and 14.

A new beam line is under construction. The beam starts with a fast kicker for proton
ejection at H10 in the AGS, followed by a and a new secondary production target station.
The secondary beamline will provide either = or p beams at 3 GeV/c for injection into
the storage ring. The storage ring and the (¢ — 2) experiment will be located in the old
80" bubble chamber building. The beamline, the inflector and the electric quadrupoles are
discussed in Chapters 6, 10 and 11 respectively. The muon kicker is covered in Chapter
12, and the vacuum system is discussed in Chapter 13.

The electron detectors, which are to be located on the inside of the ring, must handle
high rates and provide precise time interval measurements with systematic effects less than
20 ps. The detectors and electronics are discussed in Chapter 16, the data acquisition and
on-line system are discussed in Chapter 17. Slow control is covered in Chapter 18, and
off-line and simulation is covered in Chapter 19.

Although the principle of our AGS experiment is the same as that of the third CERN
experiment, [1] we aim to achieve a 20 fold greater precision. This increased precision will
be possible principally due to a proton beam intensity with the AGS Booster some 100
times that at CERN where the dominant error was statistical. The principal systematic
error of about 1.5 ppm at CERN was due to limited knowledge of the magnetic field. Our
experiment is designed to improve our knowledge of the field to 0.1 ppm. Great care must
be paid to maintaining all the systematic errors at the level of 0.1 ppm or less. These

questions of errors are discussed in Chapter 5.



Table 1.3.1: DOE Construction Cost Estimate (2/94)

WBS Item E&C(K$) To go(K'$) Total( K'§)
1.1 Storage Ring Magnet 4459 772 5231
1.2 Beam Monitoring 0 0 0
1.3 Magnetic Shims 276 135 411
1.4 Vacuum Chamber/Quad 243 703 946
1.5 Detectors 0 444 444
1.6 Beam/Exp. Hall 1803 1656 3459
1.7 Field Measurement 0 60 60
1.8 Muon Kicker 0 790 790
1.9 DAQ & Control 0 175 175
1.13 Direct Labor 3532 180 3712
Total E821 10313 4915 15228

1.3. Budget and Schedule Summary

A detailed analysis of the costs and schedules has been carried out. The total con-
struction cost of the AGS Muon (g — 2) experiment to DOE is estimated to be $15 M. A
breakdown of the costs by major components is given in Table 1.3.1. We note that the
costs shown in the above table are U.S. D.O.E. costs only.

The construction funding is distributed among four sources: U.S. Department of En-
ergy (DOE), U.S. National Science Foundation (NSF), Japan (US-Japan Program in High
Energy Physics [KEK, University of Tokyo]) and Germany (University of Heidelberg).
The present six-year construction schedule covers the period FY89-FY95, with the muon
kicker being built in F'Y96 in parallel with the first data collection run using pion injection.
Details of personnel and management are given in Chapter 24, budget and schedule are

discussed in Chapter 25.



1.4. References
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2. F. J. M. Farley and E. Picasso, Quantum Electrodynamics ed. by T. Kinoshita
(World Scientific, Singapore, 1990), p.479.



Chapter 2.
The Physics Background and Motivation

Revised February 1995

2.1. Introduction

In this chapter we review the motivation for the experiment, as well as giving a brief
history of the three measurements which have been carried out at CERN. [1-3] Before
discussing the theoretical interest in the muon (g —2) value or anomalous magnetic moment
a, = %(g — 2), we review spin motion in a magnetic field, and also discuss the electron g

value.

2.1.1. The Muon

The muon is an extremely interesting lepton whose relatively long lifetime of 2.2 us
(e = 658.65m) makes it possible to perform precision measurements. Although its mass of
105.658387 (34) MeV is 207 times the electron’s, to the accuracy of current experiments
the muon appears to be a pointlike lepton. Because its mass is so much heavier than
the electron’s there are measurable contributions to its anomalous moment from u, 7, 7
(hadrons), and W and Z°, since as compared to the electron, the relative contribution of
heavier objects to the anomalous moment [4] scales as (m,/m.)? = 4 x 10%.

The final CERN experiment [3] clearly established the presence of hadronic radiative
corrections to the muon g value. One of the principal goals of the current experiment is to
reach a sensitivity adequate to establish the presence of weak radiative corrections from
single loop W and Z" graphs. The experimental goal of +-0.35 ppm precision, which repre-
sents a factor of 20 improvement over CERN, is set by the predicted 1.3 ppm contribution
to the muon anomaly from weak radiative corrections. This measurement will provide a
clean test of the renormalization prescription of the unified electroweak theory.

The muon anomaly has provided a stringent test for new theories of particle physics,
since any new field or particle which couples to the muon must contribute to a,. The
magnitude of the effect is a quantitative question of the strength of the particle’s coupling

to the muon and its mass.



In order to achieve a deeper and less arbitrary theory for particle physics than the
present Standard Model, many speculative theories have been proposed which include new
particles such as additional gauge bosons, supersymmetric particles and excited leptons.
Others include substructure for leptons, gauge bosons, or quarks. All of these modifica-
tions of the Standard Model would change a,(theor), often by an amount which would be
detected by a measurement of a,(expt) to an accuracy of 0.35 ppm. The muon anomalous
g-value can be regarded as a standard against which any speculative new theory can be
tested; such precision tests are complementary to direct searches for new particles with
the highest energy accelerators.

Historically, the Lamb shift and the electron and muon (g — 2) values have played a key
role in the discovery and establishment of modern quantum electrodynamics. [5] Precision
measurements of hyperfine structure intervals and the Zeeman effect in hydrogen, muonium
and positronium have provided important tests of QED bound state theory as well as values
for the magnetic moments of fundamental particles. High energy experiments can explore
the physics of the W, Z°, and other particles by direct production and are certainly the
definitive way to identify new particles and new physics which are energetically accessible.

On the other hand, it is difficult in these high energy experiments to study the proper-
ties of more massive particles which cannot be produced by the accelerators. In principle,
the existence of heavier particles can be detected through their effects via virtual radiative
processes on the behavior of lighter observed particles. Precise and sensitive experiments
such as the muon (g — 2) measurement will give us an important insight into the domain of
physics which is not now accessible to high-energy experiments. In this sense low-energy,
high-precision experiments play a role complementary to those at high energy colliders.

A high precision measurement of a fundamental quantity such as the muon (g — 2)
value, for which a precise value can be calculated from basic theory, provides an important
calibration point for modern particle theory. Not only is this valuable for the insight it
provides about the very high energy regime beyond present accelerators, but also it may
reveal new and deeper aspects of physics within the accessible energy regime, as was so
dramatically illustrated for quantum electrodynamics by the Lamb shift in hydrogen and

the anomalous g-value of the electron.



2.1.2. Spin Precession in a Magnetic Field

Charged particles which possess an angular momentum E, have an associated magnetic

dipole moment which is given by
€ —

He=9gi5 L
me
where the gyromagnetic ratio for an orbital angular momentum g, = 1. The energy
associated with a dipole in a magnetic field is
H=-i-B
and the torque it experiences is given by
7=@ExB

The latter equation leads to a (nonrelativistic) Larmor precession with frequency
ge [ eh
wy = — B
T h (2mc)

— e ~
Bs = gs5s—S
2me

For spin angular momentum

where g; = 2. The formulation of the Dirac equation, and its prediction that the gyro-
magnetic ratio of a spin 1/2 particle is exactly 2 (in the absence of a Pauli term) was a
major step in the development of the theory of subatomic physics.

The nonrelativistic Larmor precession frequency for a positively charged particle is

given by

%:$(GR)B:P+%;ﬂ—33 (2.1.1)

h \2mc me

where the second term in brackets is the anomalous moment,

gs — 2

= 2.1.2
am ¥ 2.12)
and the (total) magnetic moment is given by
q ] eh
= | 2.1.3
K [e T 2mec ( )

which is the number quoted in the Particle Data Tables. [6] The first term in the square
bracket is the Dirac moment (which is +1, 0 or —1 depending on the charge q), and the
quantity a is the anomalous (Pauli) moment. We will drop the subscript s on g in the

discussion below. Note that in the Particle Data Tables, three different magnetons are



eh
2myc

h_) the muon magneton (u, = ) and the nuclear

2mec

used: the Bohr magneton (up =

eh )

2mpc

magneton (py =

Both relativistically (and nonrelativistically), one finds that a charged spin 1/2 particle
moving in a magnetic field will precess relative to the momentum vector with a frequency
wy which is given by the difference between the orbital cyclotron frequency w, and the spin
precession frequency wg,

Wy = Ws — We (2.1.4)

where the orbital cyclotron frequency is

eB
we = (2.1.5)
mey
and the spin precession frequency is
geB eB
= 1— 2.1.6
ws = 5— + v)mc'y’ (2.1.6)
with the Larmor and Thomas precession terms explicitly separated.
Thus w, is given by
€
= —a,B 2.1.7
Wa = 0 ( )

and is directly proportion to the anomalous moment and independent of the muon mo-
mentum. For the muon, the spin vector leads the momentum vector by this amount.
In a region in which both magnetic and electric fields are present, the relativistic

formula for the precession is given by [7]

. dOpg e —»
wazwz—{auB—(au—

mc

) B x E] (2.1.8)

v -1
where Op = (5, E) is the angle between the muon spin direction in its rest frame and
the muon velocity direction in the laboratory frame. The other quantities refer to the
laboratory frame.

Eq. (2.1.8) shows the key to the most recent CERN muon (g — 2) experiment, [3] as
well as AGS E821. At the “magic v” where

(au - 721_ 1) =0 (2.1.9)

the electric field does not contribute to the precession. One can thus achieve (weak)

vertical focusing with electrostatic quadrupoles, and build the storage ring magnet to have a
uniform dipole magnetic field. This condition is satisfied if vy = 29.3 and p, = 3.094 GeV /c.

The AGS is well suited to deliver a copious flux of pions or muons at this momentum.



2.2. The Three CERN Measurements of the Muon (g — 2) Value

In this section we review briefly the CERN experiments on the muon anomalous mag-
netic moment. In the period from about 1959 to 1977, measurements were made of (g — 2)
for the muon in a series of three experiments at CERN. [1,2,3]. These experiments mea-
sured the (g — 2) precession frequency w, which is the difference between the spin preces-
sion frequency w, and the cyclotron frequency w, in a magnetic field B, see Eq. (2.1.4),
Eq. (2.1.5), Eq. (2.1.6), and Eq. (2.1.7).

In these experiments the direction of the muon spin is determined through the parity-
violating angular asymmetry in the decay p — ev.v, and the momentum direction was
determined from knowledge of the muon trajectory in the magnetic field. The first ex-
periment [1] utilized low-energy muons with momenta p, ~ 90 MeV /c in a magnetic field
B = 1.6 T, where inhomogeneities in B provided focusing and drifting for the muon orbits.
This experiment gave a, = (1 1624+ 5) x 107°% (4300 ppm). In an experiment which
uses low-energy muons, such as this first CERN experiment, the observation time is of the
order of the muon lifetime, 7, = 2.2 x 107%s, which limits the number of precession cycles

available for observation.

In the second CERN experiment, [2] polarized muons with momenta p, of 1.3 GeV/c
(v = 12) were produced by the decay of pions which were in turn produced by a primary
proton beam hitting a production target inside the storage ring. Muon decay electrons
were detected by several detectors placed in a shielded position 180" around the ring
from the production target. The (g — 2) precession was measured in a storage ring with
B = 1.7 T, with weak-focusing provided by the inhomogeneous magnetic field. Since the
laboratory mean lifetime was dilated to 47, = 26 x 107%s, twelve times more precession
cycles were observable, compared with the first experiment. This experiment gave a, =
(116 616 & 31) x 10~® (270 ppm). Further improvement would have been limited by the
magnetic field gradient required for focusing, and the corresponding uncertainty in the

mean field applicable to the muon population (see Eq. (2.1.7)).
The third CERN experiment [3] also measured the (g — 2) precession frequency of

high energy muons in a storage ring, but its design was based upon the observation about
the classical spin motion in a magnetic and electric field given by Eq. (2.1.8). The three

experiments are summarized in Table 2.2.1.

With the “magic 4” the electric part of the bracketed factor given in Eq. (2.1.8) is
zero,( see Eq. (2.1.9)) (y = 29.3, p, = 3.094 GeV/c), and the (g — 2) precession frequency
is determined by B alone and is independent of E. This observation allows for a separated

function muon storage ring in which a homogeneous magnetic dipole field B determines



Table 2.2.1: The CERN Experiments

The First Experiment [1]

Method: (g — 2) precession in a bending magnet, B = 1.6 T, with trajectories and
focussing determined by field inhomogeneities. Performed at the Synchrocyclotron,
pp = 90MeV/c

a, = (1162 + 5)x 107° (4300ppm)

The Second Experiment [2]

Method: (g — 2) precession in a muon storage ring B = 1.7 T, with weak focusing pro-
vided by higher multipoles in B. Performed at the Proton Synchrotron, p, = 1.3Gev/c,
v =12

a, = (116 616 £ 31) x 1073 (270ppm)

The Third Experiment [3]

Method: (g — 2) precession in a muon storage ring B = 1.5 T, with weak focusing
provided by electrostatic quadrupoles. Performed at the Proton Synchrotron, p, =
3.1Gev/c), v =29.3

a, = (1165924 + 8.5) x 107° (7.3ppm)

the (g — 2) precession frequency, and an electric quadrupole field provides vertical weak-
focusing for the muons. This elimination of the magnetic field gradient in the third CERN
experiment permitted a significant improvement in accuracy, since the average magnetic
field which enters into Eq. (2.1.7) breaks down into an integration over the storage volume
of each multipole of the field times the corresponding moment of the muon distribution,
and little information existed on the muon distribution in the CERN experiments. Further-
more, the additional time dilation of the muon lifetime to from 26us to 64us at v = 29.3
gave an additional improvement in accuracy.

The muon storage ring, magnet cross section, quadrupole electrodes, and a data sample
from the third CERN experiment are shown in Fig. 2.2.1. The precession frequency w,
(see Eq. (2.1.7)) of the spin relative to the momentum vector was measured by observing
the decay electrons emerging on the inside of the ring. As the angular distribution in
the decay rotated with the muon spin, the counting rate for the high energy electrons

(emitted in the forward direction) was modulated at the frequency w,. The magnetic field



(c) (d)

Figure 2.2.1: The Third CERN Experiment - (a) shows a plan view of
the storage ring, which was composed of forty separate magnets excited
by a single set of coils. Each of the sectors was stabilized separately. All
dimensions are in mm. (b) A cross section of the magnet. (c) The electro-
static quadrupoles and vacuum chamber. (d) Muon decay electrons as a
function of time. The (g — 2) oscillations are clearly visible superimposed
on the muon lifetime curve.



was homogeneous to 20 ppm over the muon storage area which had a cross section 12 cm
(horizontal) x 8 cm (vertical), and the effective mean magnetic field averaged over the
muon orbits was known to 1.5 ppm. The electric quadrupole field was pulsed with an
electrode voltage of + 24 kV on the top and bottom electrodes and -4 kV on the side
electrodes for pu™ storage.

The (g — 2) precession frequency w, is deduced from the decay electron counting data

which, with no losses except from muon decay, is of the form
N = Noel™/"{1 — Acos (wat + ¢)} (2.2.1)

in which yr = laboratory muon lifetime. The asymmetry parameter A is the product of
the stored muon polarization and the asymmetry in g — e decay, which is a function of
electron energy, and of the angular and energy spread of the electrons that are accepted
by the detection system. Data showing the modulation of the decay electron counting rate
at the frequency w, are given in Fig. 2.2.1(d).

In addition to values of w, and B, determination of a, from Eq. (2.1.7) requires a
value of the constant (e/mc). Since the magnetic field is measured by a proton resonance
frequency w), (corrected for molecular and bulk diamagnetic shielding), the constant needed

is

A= (2.2.2)
Hp
and a, is then given by
R
= — 2.2.

where R = wy/w,.

The errors quoted for the measurement of a, in the CERN experiment [3] are listed in
Table 2.2.2. The overall one-standard-deviation error was 7.3 ppm, which was dominated
by the statistical counting error of 7.0 ppm in the determination of w,. The overall system-
atic error was 2 ppm, which was due almost entirely to uncertainty in the mean magnetic
field B in the storage ring, which involved an average over space, time, and muon distribu-
tion. Additional smaller systematic errors are associated with the deviation of the muon
orbits from the ideal reference orbit.

The statistical error in w, determined from Eq. (2.2.1) is

boa _ V2 (2.2.4)

12
w L
@ wo AyTN{

where N, is the total number of decay electrons recorded. For a given number of decays

the accuracy is improved by increasing the number of (g — 2) precession cycles per lifetime,



Table 2.2.2: Errorsin CERN3 Experiment [3] The small systematic errors
marked * were insignificant compared to the dominant errors, and thus were
not studied extensively.

Source of Error (ppm) Comments

Error

Statistics 7.0

Magnetic Field 1.5 Includes absolute calibration of NMR

probes (~ 0.8) and average over space,
time and muon distribution

Electric Field 0.3 1.7 ppm correction
Correction

Pitch Correction 0.12 0.6 ppm correction
Particle Losses® < 1.0

Timing Errors* < 0.5

Total 7.3

wqyT, (hence the advantage of highly relativistic muons with dilated lifetime y7) and by
maintaining a large asymmetry parameter A. In the CERN experiment the total number
of electron counts N, was 1.34 x 10%, and A varied from 0.17 for the lowest energy band
to 0.38 for the highest. The overall statistical error in w, was 7.0 ppm.

The principal systematic error was the uncertainty in the knowledge of B. Since the
magnetic field of the ring was not perfectly uniform, w, had to be a weighted average over
the muons which contribute to the counting data. It also had to be averaged correctly over
any drifts in the magnetic field between the proton NMR surveys and the muon runs. In
the CERN experiment the field was automatically stabilized at 40 points in the ring (just
outside the vacuum tank) and monitored during the runs by 37 plunging probes which
could be driven radially into the vacuum chamber in the median plane. However, the main
surveys of 250,000 points in the field were made between runs with the vacuum chamber
removed. The removal of the chamber required that the magnet be switched on-and-off

between the field surveys and the muon runs. Nevertheless, reproducibility to + 1 ppm



in the average field was achieved over periods of months. Drifts in magnetic field shape
due to temperature effects meant that the field in the storage region varied even though
40 points just outside the storage region were stabilized. This was measured by the 37
plunging probes, and corrections applied. Including uncertainties in the distribution of
muons inside the aperture, an overall uncertainty of 1.5 ppm was assigned to the mean

value B of the magnetic field.

All other systematic uncertainties were below the level of 1 ppm, including those associ-
ated with particle losses, timing and changes in electronic gains, as well as with corrections
for muon energy spread (electric field correction) and betatron oscillations (pitch correc-
tion).

It should be noted that the ratio of the muon and proton magnetic moments, g, /py,
is needed as an auxiliary constant to deduce a, from the measured precession frequency
w, and the field B measured in terms of a proton resonance frequency w, (Eq. (2.2.2) and
(2.2.3)). The quantity p,/p, was known to 0.3 ppm from measurement of the muonium
Zeeman effect and from a SR experiment. The best current value of A utilizes in addition
the accurately measured value of the hyperfine structure interval Av of muonium [8] and is
accurate to 0.15 ppm. A still more precise value for A may be obtained from more precise
measurements of Av and the Zeeman effect of muonium in progress at LAMPF. [9] In
addition, the muonium 15 — 2.5 laser experiments at the Rutherford Laboratory [10] which

will determine the muon mass, and thus A is competitive with the LAMPF experiment.

The fine structure constant o which is required to obtain a,(theor) was known at the
time of the CERN experiment [3] with adequate precision for the computation of a,(theor)

at the time, and a is much better known now.

2.3. (g —2) for the electron

The simplest Feynman diagram for the interaction of a lepton with an external field is

shown in Fig. 2.3.1 1 and represents g = 2.

An anomalous moment can result from radiative corrections to Fig. 2.3.1 (see Fig. 2.3.2)
and from internal structure if it is present. The proton anomalous moment of +1.79uy is a
reflection of the its quark structure. For leptons, even in the absence of internal structure,
radiative corrections are significant. The lowest order radiative correction to Fig. 2.3.1 is
shown in Fig. 2.3.2.



Figure 2.3.1: The interaction of a spin 1/2 particle with an external
magnetic field. (The x represents the static magnetic field of the storage
ring and not a nucleus as it is sometimes used.)

Figure 2.3.2: The lowest order QED correction to (g — 2)

The discovery of the anomalous moment for the electron was made in 1947 by Kusch

and Foley, [11] who determined that

gs = 2(1.00119 + 0.00005) ,

consistent with a first-order correction of 5- calculated by Schwinger. [12]

Since this seminal work, the anomalous magnetic moment of the electron, a., has
been measured with ever-increasing precision. To the level of current measurements, QED
diagrams alone suffice to determine its theoretical value, which can be written [13] as an

expansion in powers of a:

atheory = ¢ (%) 4O (%)2 40 (%)3 1y (%)4 4t da (2.3.1)



where! C; = 0.5, Cy = —0.328 478 965 ..., C3 = 1.176 20(14), Cy = —1.569(60) and
§a = 4.46 x 10~ "2, The correction da comes from contributions of virtual muons, hadrons,
W+ and Z°. The theoretical prediction is [13]

alleory — 1 159 652 140 (28) x 1072 (2.3.2)
where the value for the fine structure constant
aE)H = 137.035 997 9 (32)

is taken from measurements of the quantum Hall effect.

The values of a,+ from the Penning trap experiments are [14]
ac— = 1159 652 188.4(4.3) x 107! (2.3.3a)

and

a+ = 1159 652 187.9(4.3) x 1012, (2.3.3b)

There is a 20 agreement with QED at the level of 107'? and, to the extent that the particle
and anti-particle properties are the same, C PT invariance is verified at the 2 x 1072 level.
One should note that the contribution to the electron’s anomaly from particles heavier

than the electron is the same size as the current experimental uncertainty.

2.4. (g —2) for the muon

The muon anomalous magnetic moment can be calculated in the same fashion as that
of the electron. However, because the mass of the muon is much greater than that of
the electron, diagrams with quark loops, or to a lesser extent, weak bosons, contribute
measurably to the final result. The relative contribution of heavier particles to the muon’s
anomalous moment [4] goes as ~ (m,/m.)? which makes the contribution of such particles
on the measured muon anomaly much larger (~ 4 x 10%) than for the electron. The

theoretical value for a, can be expressed [15]

theory _ QFD hadrontc weak
a, = a + a), + a, (2.4.1)

and each of these contributions is discussed in detail below.

t The values of the higher order coeflicients, both for the electron and the muon are constantly being
refined, so these values represent a snapshot of this progress



2.4.1. The QED Contribution to a,

The QED contribution to the muon (g — 2) is again given by an expansion in a/7 as
for the electron anomaly Eq. (2.3.1). However, now virtual electrons, muons and tauons
contribute in the lepton loops, so the coefficients are different. The coefficient C; = 0.5 is
the same single photon Schwinger term shown in Fig. 2.3.2.

The expansion is given by

7= () (3) o (D) ray)

where C! = 0.5, C', = 0.765 857 39, C, = 24.045 11, C', = 126.12 and C', = 930. The total
QED term to eighth order is [15,16]

a¥"P =1 165 847 008 (18) (28) x 10~ "2 (2.4.2)

The first uncertainty is from the calculation, the second from uncertainties in o (which
was taken from the quantum Hall effect. The uncertainty in the QED contribution is

negligible, compared with the proposed experimental accuracy.

2.4.2. Hadronic Contributions to q,

(a) (b) (c) (d)

Figure 2.4.1: Lowest order hadronic vacuum polarization diagrams

Loops where virtual hadrons are emitted and then reabsorbed contribute to the value
of a, at a measurable level (60 parts per million), which was confirmed in the most recent
CERN experiment. [3] The lowest order hadronic diagrams are shown in Fig. 2.4.1, the
first order being shown in Fig. 2.4.1(a).



Figure 2.4.2: The hadronic light on light scattering. The contribution of
this diagram cannot be obtained from the dispersion relation.

The contribution from these hadronic loops cannot currently be calculated reliably in
QCD. However, the dominant contribution (shown in Fig. 2.4.1a) can be related, through
dispersion theory, to the experimentally measured cross-section for ete™ annihilation into
hadrons. The higher order diagrams shown in Fig. 2.4.1 can also be related to the quantity
R(s), defined by the expression

ot (e"'e‘ — had’ron.s)

R(s) = 2.4.3
(=) otot (eTe™ — ptp~) (2:4:3)
The single hadron loop contribution to (g — 2) is given by
hadronic __ amu)2 > d_'s
o - (—37r /4 oK (s) R(s) (2.4.4)
where
3 2 1 2 1
K (s) = m—% [mz (1—%) —I-(l—l-af:)2 (1+m_2) {ln(l—l—m)—m—l—%] + 11_2152[111:}
and
1-— 4m?
18 [
1+p3 s

The integral is dominated by the kinematic regions around low-lying 77 resonances such
as the p. There have been several evaluations of the hadronic contribution to a,, which are
discussed below. To set the scale, we note that the contributions from the virtual hadron
loops in Fig. 2.4.1 and Fig. 2.4.2 as evaluated by Kinoshita et al. [17] is

al*t = 17027 (175) x 107" (2.4.5)



which corresponds to 60.6 1.5 ppm of a,,. The uncertainty is dominated by the knowledge
of R(s) (see Eq. (2.4.4)).

The dominant error arises from the accuracy with which R is known from experiment,
principally in the range up to /s =1 GeV but also in the higher energy range up to the
J/¢ at /s = 3.1 GeV.

The hadronic light on light contribution shown in Fig. 2.4.2 cannot be calculated from
the dispersion relation, nor can it be calculated using QCD because of the low energies
involved. A paper which discussed both a simple quark model calculation and a vector
dominance model calculation was published by Kinoshita et al. [17] The value of the
hadronic light-on-light contribution to aZ“dmmc was 49(5) x 107, which should be com-
pared with the value of aﬁ“d given in Eq. (2.4.5).

More recently there have been active discussions about the evaluation of this light by
light scattering contribution, [18-20] and additional work is in progress to improve its
evaluation using chiral pertubation theory. [21] This diagram represents the fundamental
theoretical limitation to the value of aZ“dmmc within the standard model.

In addition to the evaluation by Kinoshita [15,17] there have been several other eval-

hadronic
]

al. [27] usingthe latest data and the methods of Kinoshita et al. [17], with the p meson
contribution taken from the VEPP-2M data [22] published after Ref. 17), and with the

1992 Particle Data Group values for masses, widths and electron pair widths for the vector

uations of a in the literature, [22-26] as well as a recent evaluation by Worstell et

mesons. The Kinoshita et al, [17] values for nonresonant contributions have been used,
although more recent data have reduced these errors as well, and they are in the process
of including the new data in our evaluation of aﬁ“dmmc. The result obtained from this
analysis is

ahedromie 6797 (88) x 101 2.4.6
I

. which has an uncertainty of half that of the earlier evaluation [17] given in Eq. (2.4.5).

These evaluations of aﬁadmmc are listed in Table 2.4.1. We emphasize that each of these
evaluations comes from a slightly different data set for R, see Eq. (2.4.3), and a slightly
different form of the dispersion relation, see Eq. (2.4.4), as discussed below.

From the integral expression for aﬁadmmc

above, we can factor out the energy depen-
dence of the integrand to get the differential contribution to the muon anomaly per unit

of R as a function of s:

hadronic
L deft 1 jamyy K o) 24
a,R(s) ds a, \ 37 s? o

This quantity is plotted in units of ppm/GeV? in Fig. 2.4.3. Since R is everywhere

of order unity, this shows the relative contribution of hadronic vacuum polarization from



Table 2.4.1: Different Evaluations of first order aﬁ“dmmc. Higher Order
Diagrams are estimated to be [17] aﬁadmmc(higher order) = —41(7) x
10~ (0.06 ppm).

aﬁadmmc x 101 Error in ppm Reference

7068 (59) (164) (+1.5 ppm) Kinoshita et al. [15,17]
6840 (110) (+0.9 ppm) Barkov et al. [22]

7100 (105) (49) (+0.9 ppm) Casas et al. [23]

7245 (66) (259) (+2.3 ppm) Burkhardt et al. [24]
7048 (115) (+0.9 ppm) Martinovi¢ et al. [25]
6986 (42) (16) (+0.4 ppm) Dubnickova et al. [26]

Figure 2.4.3: Kinematic suppression factor % in units of ppm per GeV>.



hadronic

Table 2.4.2: Different evaluations of contributions to a, in ppm,
with errors.
o w+ ¢ JJje+ 1 Nonresonant Total (ppm)  Reference
43.43 &+ 1.30 7.45 £ 0.47 0.63 £ 0.09 9.10 £+ 0.55 60.61 + 1.49 Kinoshita et al. [17,15]
42.00 £ 0.48 58.67 + 0.94 Barkov et al. [22]
44.32 + 0.37 7.83 £ 0.81 0.54 + 0.04 8.21 £+ 0.21 60.90 + 0.92 Casas et al. [23]
43.61 &+ 1.32 7.14 £+ 0.43 0.66 = 0.13 10.73 £ 1.82 62.14 £+ 2.29 Burkhardt et al. [24]
43.79 + 0.53 8.75 & 0.36]L 0.64 &+ 0.05 9.94 £+ 0.75 63.12 + 1.03 Martinovi¢ et al. [25]
42.39 + 0.18 T7.48 &+ 0.24]L 0.71 £ 0.02 9.35 £+ 0.21 59.93 + 0.37 Dubnickovi et al. [26]
42.00 £+ 0.48 6.98 + 0.14 0.78 &+ 0.05 8.86 £+ 0.50 58.62 + 0.71 Worstell et al. [27]

tIncludes the nonresonant 2 kaon contribution in the w, ¢ energy range.

hadronic
]

to different evaluations of R, either from different experimental data, different models, or

different energy ranges to the muon anomaly. Different evaluations of a correspond
different treatments of experimental errors.

Because different authors have broken down the hadronic vacuum polarization con-
tributions into different energy ranges and among different categories of ete™ hadropro-
duction channels, a comparison between their analyses is not trivial. We have therefore
organized hadronic contributions as tabulated by different authors into four broad cate-
gories for comparison: p, w + ¢, J/¢ + T (4 excitations), and non-resonant (continuum)
hadroproduction. The contributions and errors associated with each contribution by each
author are given in Table 2.4.2

The low energy behaviour of the physical cross section ratio, R(s) is dominated mostly
by the two pion spectrum which contains the p meson resonance with the small effect of
interference with the w meson resonance near its peak. The two pion production cross

section, o is calculated in terms of the electromagnetic pion form factor, |F;|:
2
TQ 2
Onrgr = —BTFZ |F7r| .
3s

A model which fits the energy dependence of |F;| is given by the Gounaris-Sakurai formula

which is a finite- and energy dependent-width correction to the usual Breit-Wigner form for



Figure 2.4.4: Experimental values of |F;|?> which come principally from
the OLYA and CMD detectors at BINP, Novosibirsk. The solid curve
corresponds to the Gounaris-Sakurai formula taking into account the p —w
interference. The dotted line is a parameterization with w, p, p'(1250),
and p"(1600) mesons.

a resonance. The high energy tail of the two pion spectrum is complicated by contributions
from particular vector meson orbital excitations. The simplest method for inclusion of
interference effects of the p, w and further orbital excitations is to write the total |F;| as

a sum of resonances:

|Fe| = |Fpl +a|Fol +b|Fy| +c|Fp|+... (2.4.8)



Figure 2.4.5: The most recent reproduction of all existing data on the
electromagnetic pion form factor by means of the unitary and analytic VMD
model.

where a, b, c, ... are complex numbers whose amplitudes and phases characterize the interfer-
ence effects, and the additional form factors are of the Breit-Wigner form. Approximating
the form factor by such a sum is one example of the vector meson dominance (VMD) ap-
proach. Competing models to fit experimental data exploit more sophisticated expressions
for the resonance shapes and different combinations of the form factors before squaring to
get the cross section. Several such fits to the most recent experimental data for |F;| are

presented in Fig. 2.4.4.

A new model of the pion and kaon form factors has been presented recently in
Ref. 25 and Ref. 26. The vector meson dominance (VMD) form for the resonance shape
is used and the unitary and analytic structure of the form factor is exploited. Interference
effects between the p, w, p(1450), p(1700), and p(2150) are included as in Eq. (2.4.8).
Significantly, this model allows for a simultaneous fit to data for timelike (colliding beam)

and spacelike (fixed target) values of the square momentum transfer and is presented in



Fig. 2.4.5. In this analysis, as in all others except Ref. 24, the systematic errors from the
different experiments are combined in quadrature to obtain the total error of 0.37 ppm for
the hadronic contribution to a,. This result is compared with others in Table 2.4.1.

The next largest contribution to hadronic vacuum polarization, and also one of the
next most significant sources of the error, is the three pion spectrum which includes the
w and ¢ meson resonances, and the kaon pair spectra (KTK~ and K;Kgs). As the w and
¢ mesons are much narrower resonances than the p (I'y = 151 MeV while I',, = 8.43 MeV
I'y = 4.43 MeV) the resonance shapes are taken as strictly Breit-Wigner. The interference
between them leads to an observable dip in the cross section just before the ¢ meson
resonance. Integration over the Breit-Wigner line shapes for the w and ¢ mesons does
not differ appreciably from a narrow width approximation for the narrow vector meson

contribution to a:

m 2

al‘f = 3mli/2K (mvz) I‘Z_i_e_.

This approximation is used for handling the charm and bottom quark meson states as well
and results for 1992 Particle Data Group values are presented in Table 2.4.2.

The non-resonant continuum background is handled differently by the different authors.
The main difference is the choice of energy cutoff above which they use asymptotically free
perturbative QCD and in the parameterization for the data for R(s) below this cutoff. A
particular (simple) parameterization for R(s) used by Ref. 24 is presented in Fig. 2.4.6.
This evaluation is the most pessimistic about systematic errors in experimental knowledge
of R at center-of-mass energies above 1.4 GeV, often using a single experimental source
and adding the systematic errors from different hadronic channels linearly. The resulting
overall error assessment by these authors is therefore much more pessimistic than results
from the other, more detailed, evaluations cited.

In order to utilize the more accurate value of a, expected from the BNL experiment,
it is clearly of the greatest importance that more precise measurements of R be made.
An improvement by a factor of about 4 in our knowledge of R in the most important /s
range is needed. The most accurate measurements of R below /s = 1.4 GeV have been
made at the Budker Institute of Nuclear Physics (BINP) in Novosibirsk, Russia [22] with
the VEPP-2M eTe™ collider and the detectors OLYA and CMD. These data are shown in
Fig. 2.4.4 where the square of the pion form factor F2 is plotted vs 1/s;[F? ~ R].

VEPP-2M has a useful energy range E., = +/s from 0.36 to 1.4 GeV. The lumi-
nosity of VEPP-2M has been upgraded by the addition a wiggler, and a luminosity of
5 x 1030 em~2s~! was demonstrated at the ¢ resonance energy during the 1993 run.

Moreover, a new detector Cryogenic Magnetic Detector-2 (CMD2) has been built [28]

which employs a superconducting magnet and was designed to achieve accuracies of 0.5%



Figure 2.4.6: Parameterization of R including resonances up to /s = 10

GeV.

in the measurement of R. CMD2 has been carefully designed to minimize systematic errors
associated with luminosity measurements, particle identification, energy measurement and
detection efficiency. Fig. 2.4.7 indicates the principal features of the new detector, which
now includes a drift chamber, a Z-chamber, a muon range system and CsI barrel calorime-
ter. The BGO end cap calorimeter crystals were installed during the 1993 shutdown which
completed the detector construction.

The initial runs were made in 1992 both on the p (25 nb~!) and on the ¢ (178 nb~!) for
initial debugging and off-line reconstruction development. The total integrated luminosity
was about 200nb~!. Further data were collected in 1993 on the ¢ (1.5 pb~!) for the study of
rare decays. These data were used for the first simultaneous measurements of the four main
decay channels of the ¢ in a single experiment. The accuracy obtained was comparable

with the world average, and the results are being prepared for publication.



Figure 2.4.7: The new CMD2 Detector at the Budker Institute for Nu-
clear Physics, Novosibirsk, Russia. CMD2 started taking data at VEPP-2M
in 1992 with integrated luminosities of 25 nb~! at the p and 178 nb~! at
the ¢. In 1993 an additional integrated luminosity of 1.5 pb~! was obtained

on the ¢.

The VEPP-2M dedicated run for the muon (g — 2) energy scan, going down in energy
from the ¢ with steps of AE.,, = 10MeV, was started at the end of 1993 and should be
completed at 0.36 GeV in the summer of 1995. About 1000 ete™ — 77w~ events will
be recorded at each energy point. A finer scan of perhaps 1 MeV steps is intended for
the region around the w meson in order to study the three pion contribution to (g — 2)
and also p — w interference in both the two and three pion channels. At each point the
beam energy is being calibrated by the resonance depolarization method to eliminate cross
section uncertainty on the resonance slopes. Special procedures will be performed to keep
the trigger efficiency well understood and the detector elements’ stability under control
during runs.

The 1993-1994 run will give statistically sufficient data to have 0.3% accuracy in the
determination of a,(had) and will also be used for extensive systematic errors studies. The
results should be available in one to two years.

At Frascati a new ¢ factory is under construction and at this laboratory it would be
possible to make accurate measurements of R in the /s range <1 GeV [29].In addition, the
Beijing Electron-Positron Collider (BEPC) is entering the planning stages for conducting



measurements of R(s) in the energy range above VEPP-2M and below the J/+: 1.4 - 3.1
GeV [30], although the luminosity will limit the lowest energy to somewhere in the 2 GeV

region.

2.4.3. Weak Contribution to a,

(a) (b) (c)

Figure 2.4.8: Single loop weak contributions to the muon (g — 2) value.

The weak interaction contribution based on the standard electroweak theory is a weak
radiative correction to an electromagnetic interaction and arises in lowest order from the
single loop diagrams in Fig. 2.4.8 which involve v,, Z" and H particle exchange and where

two vertices are weak interaction vertices. The contributions are given by [31,4]

Grm? 1

Aa, (W) = 8;”\;’“21 (?0) = +3.89 x 1077 (2.4.9a)
Grm? 1

Aa, (Z) = 8;”\;’“21 (g) [(3 e 5] = 1.94x107°  (2.4.9b)
G 2 1 2 _

Aa, (H) = [ 2L / y (2-y)dy . (2.4.9¢)
422 ) Jo 4?2 + (1 —y)(mg/my)
el 2 2 2

— [ (m“) In (@) (2.4.9d)

A724/2 my my

<0.01 x 1077 if My > m, (2.4.9¢)

where we take sin’fy = 0.233 + 0.002 for the weak mixing angle.
The diagrams with the W and Z bosons contribute appreciably as given in Eq. (2.4.9).
For Higgs masses much greater than 300 MeV (and standard couplings) the contribution of



H to the muon anomaly is negligible. Since LEP searches [32] establish that my > 58 GeV,
the contribution from the diagram with H is indeed negligible.
The second order weak diagrams have been calculated by Kukhto et al. [33]

The total weak contribution isi
a, (weak) = (1.53 £0.2) x 1077 (2.4.10)

which represents 1.31 £ 0.04 ppm of a,(theor).

Comparison of theory and experiment on a,(weak) will constitute a new and sensitive
test of the unified electroweak theory with its prescription for renormalizability. Just as
virtual electromagnetic radiative corrections were critical to the development of modern
renormalized quantum electrodynamics, virtual radiative corrections involving both the
weak and electromagnetic interactions are most important to the renormalized unified
electroweak theory. The first test of radiative corrections in the electroweak theory involved
the electromagnetic radiative correction to neutron beta decay and hence involved quarks
and a semi-leptonic process. [34]

The radiative correction included in the fundamental relation between myy and my is

central to this topic, [35] where
T

V2Gp (1 - @) (1— Ar)

my

mly = (2.4.11)
and myy and my are the physical masses of the W and Z bosons and Gr is the Fermi
constant. The radiative correction parameter Ar arises from finite electroweak radiative
corrections. The one loop radiative correction from vacuum polarization associated with
the many fermions in the standard model amounts to Ar ~ +0.07 and represents the
running of a from 0 momentum to momentum my. However, in addition there is an
important contribution to Ar from the top quark mass m; and a smaller one from the
Higgs mass my. Until m; and my are measured, a clean test of radiative corrections in
the electroweak theory cannot be obtained from Eq. (2.4.11).

It has been pointed out to us [36] that the electroweak renormalizabliltyhas been tested
in a comparison of high energy and atomic parity violation data. These tests have the
complication of hadrons in the nuclei. This topic has been reviewed recently in the article
by Langacker. [37]

Additional discussion on renormalization tests of the standard model is the review by

Hollik. [38]

i There is some question as to the correctness of the second order weak correction. [33] It is being re-
evaluated by Krause and Czarnecki at Karlsruhe. The error quoted above is that estimated by Kinoshita,
rather than the 0.05 quoted in [33].



2.4.4. Current Theoretical and Experimental Values of a,

The total theoretical value of a, is
al“°™y =116 591 881 (176) x 10~ " (2.4.12)

where the we take the value of the uncertainty from the published value of Kinoshita et
al. [17] rather than the hadronic contribution from our analysis presented in Table 2.4.2,
which employed the method of Kinoshita et al. [17] We note that the uncertainty on
the hadronic term (Eq. (2.4.6)), as evaluated with the new data is roughly half the the
contribution of the weak term(Eq. (2.4.10)). As is clear from the discussion in section
2.4.2, the hadronic radiative corrections are receiving substantial attention. Since these
corrections are important for the interpretation of some of the LEP and SLD precision
results, [39] as well as the (¢ — 2) experiment, there is considerable interest in the wider
community in having the uncertainty on the magnitude of these low energy corrections
resolved.

The current experimental values of the muon anomaly are
a = 1165 937 (12) x 107" (2.4.13a)

and

o’ = 1165 911 (11) x 10~ (2.4.13b)

(a combined accuracy of 7.3 ppm), in good agreement with the calculated value. The goal
of the new experiment (E821) is a measurement of (g—2) to the level of 0.35 ppm, a factor of
twenty improvement over the CERN precision. This sensitivity is ~ 23% of the magnitude
of the expected electroweak contribution to (¢ — 2) from single loop diagrams involving
the intermediate vector bosons W*, Z°. A measurement at the proposed accuracy would

thus provide an essential test of the renormalization of the unified electroweak theory.



2.5. New Physics Potential of E821

In the previous sections the standard model contributions to the muon (g—2) value were
discussed. If there are new particles which couple to the muon, they too will contribute to
the anomalous moment.

A deviation from the (g — 2) value predicted by the standard model would be a signal
for new physics. Among the possibilities would be: lepton substructure, new particles such
as supersymmetric partners, additional gauge bosons, W substructure, etc. A deviation
from the standard model prediction would contain two pieces of information, a magnitude
and a sign. For example, supersymmetry would produce a measured value smaller than
the standard model value. [15] This point is disputed in a recent paper [40] where it is
claimed thatthe previous supersymmetric calculations need to be redone, and that either-
sign deviation from the standard model can be accommodated by their (flipped SU(5)
model) supersymmetric calculation.

Relative to other probes of these same new physics possibilities, the muon g value
is most sensitive to muon and W boson substructure. This topic is discussed in the
literature by a number of authors, [41-45] with the paper by Méry et al. [45] having the
most comprehensive.

The review by Kinoshita and Marciano [15] summarizes a range of possible new physics
contributions to the muon anomalous moment, which are listed in Table 2.5.1. Limits on
various parameters which will come from E821, LEP II and the LHC are given. Except
where noted, these values come from the review by Kinoshita and Marciano [15].

More recently Arzt, Einhorn and Wudka [46] have developed a systematic approach,
using the language of effective Lagrangians, to discuss how new physics can contribute to
the muon (g — 2) value. They separate the discussion of new high-energy effects into two
cases: those which decouple from low-energy physics, and those which do not. If A is the
(large) energy scale at which the new physics manifests itself, in the decoupling case at
energies £ << A observable corrections are suppressed by powers of 1/A, whereas in the
nondecoupling case, “the corrections to standard model processes are given by a chiral
expansion in powers of p/A, where p is a typical momentum for the process at hand.” [46]
They conclude that in the decoupling case under some conditions the E821 sensitivity
limit is A < 50TeV, but there would be no new sensitivity to effects of an anomalous
triple gauge boson vertex. On the other hand, in the nondecoupling case, E821 may be
sensitive to effects from an anomalous triple gauge boson vertex, and could set interesting
limits if no deviation is observed.

We emphasize that a precision measurement of (g — 2) is complementary to other high

energy measurements. In some cases, such as composite W bosons, the limit which will



Table 2.5.1: Sensitivity to new physics of the new muon (g — 2) experiment

New Physics E821 Sensitivity Comments
i substructure® A>5TeV LHC domain
¢ Form factors® (WE) A > 450GeV
(1 — k2/A?%) (Z°) A > 64GeV Arpp 1 > 300GeV

(v) A > 180GeV

excited muon® my« > 6.3 GeV Already Excluded
excited muon? my« > 400 GeV LEPII comparable
W+ substructure® A > 400 GeV LEPII ~ 100 — 200 GeV
low=2) 4 of > 0.02 LEPII~ 0.05, LHC~ 0.2
Light Higgs < 300MeV O(10~3g) coupling
Heavy Higgs < 500GeV O(g) coupling
Supersymmetry? <130 GeV FNAL pp collider
Wi < 250 GeV FNAL pp collider
Z'(E6) <100 GeV FNAL pp collider

“For substructure Aa, ~ mZ/AZ

’See Ref. 45

“Chiral Invariant Interaction

{Traditional p - B interaction (non-chiral)

¢Goes to 0 if My — 0 to get proper coupling to conserved current.

fThe LEPII sensitivity is taken from the report of a 1992 Delphi working group on
LEP200.

9Signature for SUSY in 100-200 GeV region is a value of a, below the SM value, although

some authors take exception to this statement [40]

be placed by the new (g — 2) experiment is considerably better that that which will come



from LEP II or the LHC. [15] Even before the measurement of R(s) is completed (see
Eq. (2.4.3)) there is a window of opportunity for new physics in going from the 7.5 ppm
measurement at CERN to better than a 1 ppm measurement at Brookhaven. To exploit
fully the additional factor of two to three in precision available at the AGS, we will need
an improved value for the hadronic contribution to (g — 2).

One should remember that nuclear 8 decay told us about the existence of the W+
boson long before its direct observation. The neutral current events observed in neutrino
scattering at CERN told us about the Z°. The ingredient which was needed to make
their existence convincing was the development of the renormalizeable Weinberg-Salam-
Glashow theory. Once WSG was firmly in place, the discovery of the W* and Z° were
just as expected as the discovery of the antiproton was many years before.

With the standard model now firmly in place, there is common agreement on which sig-
natures would indicate physics beyond the standard model. The muon (g — 2) experiment,
along with the program of rare kaon decay experiments at Brookhaven, will provide some
of the most sensitive probes of new physics in the TeV mass range during the pre-LHC

€ra.
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Chapter 3.
The AGS Experiment

Revised March 1994

3.1. Principle of Experiment

The goal of the new AGS experiment is a measurement of a, to 0.35 ppm, a factor of
20 improvement over the CERN experiment which achieved 7.2 ppm. After considering
various approaches we chose for the new AGS experiment a method similar to that used
at CERN [1] but allowing for either pion or muon injection into the storage ring.

The principle of the AGS muon (g — 2) experiment is the same as that of the latest
CERN experiment. The general arrangement is shown in Fig. 3.1.1. The ring consists of a
monolithic “C” magnet, 7.112 m in radius, and the field is excited by four superconducting
coils.

As for all the (g—2) experiments on the electron and the muon, the difference frequency
between the spin precession frequency and the orbital cyclotron frequency of the particle is
measured in a homogeneous magnetic field and hence a, is determined. The basic equations
for the spin precession frequency, the cyclotron frequency and the (g — 2) frequency, which

were given in Chapter 2, are repeated here for convenience:

B
we=——+ < aB (3.1.1)
mey  mc
B
we = — (3.1.2)
mcey
Wy = Ws — We = ° 4B (3.1.3)

me
Polarized muons will be stored in a muon storage ring with vertical focusing provided by an

electric quadrupole field. When both electric and magnetic fields are present, the equation

for w, becomes

. e | = 1 > =
wa:—{B—(a—vz_l)ﬁxE] (3.1.4)

When v = 29.3 (the “magic” v) or p, = 3.094 GeV/c, the coeflicient of 3 x E vanishes
and Eq. (3.1.4) reduces to Eq. (3.1.3). Hence at the magic v, w, depends only on B and
is independent of E.

— 36 —



Figure 3.1.1: A plan view of the AGS muon (g — 2) experiment



Decay electrons from muons stored in the ring are observed as a function of time, after
m or p injection into the ring, by electron calorimeters distributed around the inside of
the ring. Since the angular distribution of the decay electrons is asymmetric with respect
to the muon spin direction, the observed time distribution N(t) will include a frequency
component at the muon (g — 2) frequency w,. Assuming no other source of muon losses

except decay,

N (t) = Noe /77 [1 — Acos (wat + ¢)], (3.1.5)

in which Nj is a normalization constant; 47 is the muon laboratory lifetime, 7 = muon
mean life in its rest frame and v ~ 29, A = the muon decay asymmetry parameter, which
depends on the energy and angular spread of the electrons accepted by the detector times
the average polarization.

The statistical accuracy with which w, can be determined from the observed electron

distribution is given by:

Aw, 2
wa _ V2 7 (3.1.6)
Wa we AyT N

in which NV, is the total number of electrons observed.

Polarized muons can be injected onto stored orbits in the storage ring either by pion
injection or by muon injection into the storage ring. In pion injection, a pion beam, slightly
higher in momentum than the magic momentum, is injected into the ring. As the pions
cross the storage region some will decay producing muons which match the acceptance of
the ring and are stored. This is obviously a very inefficient but cheap mode of providing a
kick to put the muons on orbit.

In muon injection, a polarized muon beam at the magic momentum is injected into
the storage ring. A fast kicker is placed a quarter of a betatron wavelength around the
ring from where the beam is inflected. Since the transit time around the ring is 150 ns,
the kicker pulse must turn off rather rapidly, and the transient magnetic effects from this
pulse must be very small and well understood.

Both options are being pursued. The experiment will begin in 1996 with pion injection
into the ring, while the fast kicker is constructed. In 1997 the kicker will be in place for
running.

The location of the storage ring and the design of the beam line is designed to allow
either option, since there is a 72m straight decay section.

Pion injection was used in the CERN experiment. This injection technique produces an
intense background of particles at injection time which must not be permitted to paralyze
or to degrade the subsequent time measurement by the electron detectors. Muon injection

requires a fast kicker, which may cause transient magnetic fields, but background for the



electron detectors at injection will be greatly reduced and the stored muon intensity will

be over an order of magnitude greater. The fast kicker is discussed in Chapter 12.

3.2. Features and Parameters of AGS Experiment

Improvement in the (g —2) measurement at BNL as compared to the CERN result will
be due principally to improved statistics obtainable with the much higher proton beam
intensity at the AGS (~200 times), compared to what was available at CERN.

Substantial effort has gone into designing the storage ring magnet to have as uniform a
magnetic field as possible. Unlike the CERN ring, which consisted of 40 separate magnets
excited by a common coil, any gaps between adjacent yoke and pole pieces in our magnet
are measured in thousands of an inch. In addition we will measure the mean field B around
the storage region to 0.1 ppm, a factor of 10 better than was done in the CERN experiment
and thus reduce their principal systematic error to the 0.1 ppm level.

The precision in measurement of the time interval ¢ in Eq. (3.1.5) must be free of
systematic shifts greater than 20 ps in order to keep this contribution to the error in w,
small compared to the statistical error. Other small systematic errors must also be kept
at or below the 0.1 ppm level. A full discussion of errors follows in Chapter 4.

The superferric storage ring is to be homogeneous over the storage region to 1 ppm and
the effective magnetic field averaged around the ring will be known to 0.1 ppm. In order to
achieve a highly stable magnetic field we have chosen an iron magnet with superconducting
coils, so that the field is determined primarily by the configuration of the iron. The pole
piece steel is extremely high quality, low carbon magnet steel, and the field in the storage
ring will be decoupled from any inhomogeneities in the yoke using the standard device of
an air gap between the back side of the pole piece and the yoke.

The field value is chosen to be 1.45 T in order to stay just below saturation. The use
of superconducting coils should be advantageous for stability because the coil temperature
is well stabilized and coil and iron temperatures can be well isolated. Also, because of
the long time constant of the coil, ripple effects from the power supply should not be
troublesome.

Several techniques will be used to shim the magnetic field to the 1 ppm homogeneity
needed for the experiment. Iron shims will be placed on the yoke to compensate for any
holes, etc. which have been machined. Steel wedges, each covering a few ¢m in azimuth,
with a wedge angle chosen to cancel the quadrupole component inherent in a “C” magnet,

will be placed in the air gap between the yoke and the pole pieces. These can me moved



radially over a few c¢m to tune the dipole field by a small amount, to compensate for
variations in the p of the pole piece iron. Rose shims on the pole faces will be optimized
to eliminate the sextupole moment of the field, and pole face current windings will be used
to eliminate higher multipoles.

For field measurement and control, we will make extensive NMR measurements and
use feedback control. NMR measurements will use fixed probes, an NMR trolley capa-
ble of moving about the ring inside the vacuum chamber, plunging probes, and absolute
calibration probes.

Decay electrons will be detected with Pb-scintillating fiber electron calorimeters. The
special requirements of the detectors will be the ability to handle high instantaneous rates
including a large initial background and to measure time intervals with ~ 20 ps (accuracy
averaged over the entire data sample).

Table 3.2.1 gives general features of the new AGS experiment, and Table 3.2.2 gives
the specific parameters of the AGS experiment.

The projected counting rates and errors are discussed in the next chapter. The CERN
experiment was dominated by the statistical error of 7.0 ppm, and the largest systematic
error was an uncertainty of 1.5 ppm in B. With the increased proton intensity available
at the AGS, the projected statistical error on w, is 0.3 ppm. The improved storage ring
magnet and NMR system should reduce the systematic error in B to about 0.1 ppm,
which will be the dominant systematic error in the experiment. The total systematic error
is expected to be 0.12 ppm.

In addition to the primary objective of measuring a, very precisely, our experiment will
compare a,+ and a,- as a test for CPT invariance, will measure the lifetimes of energetic
pT and p~ in the storage ring, and will search for an electric dipole moment of the muon,
as was done at CERN, [1] but all with much improved precision.

The lifetime measurement is really two tests in one. A comparison of 7(p*) and 7(p™)
is a further test of C PT, and a precision value for 7(u") provides a check of the Einstein
time dilatation factor. The determination of the lifetime is, in principle, a straightforward
fit to the (g — 2) oscillation envelope (see Eq. (3.1.5)). In the CERN experiment the
statistical error dominated, but systematic errors due to time-dependent muon losses and
detector gain changes were also important. The precision achieved, both for the lifetime
in flight and for the lifetime at rest (assuming special relativity), was 0.5 x 1072 for p~
and 1073 for u™, respectively. The ratio % = (0.8 £ 1.0) x 1073 was obtained in
agreement with the result expected on the basis of C PT invariance, but the measured value
7(pT) = 2.1948(10) ps is more than two standard deviations below the presently accepted
value [2] for 7(pT) = 2.19703(4) us. The AGS experiment should achieve a much higher

statistical accuracy and the comparison of 7(u*) and 7(x~) may reach an overall precision



Table 3.2.1: An Overview of the AGS Experiment

General Approach:

Muon Storage Ring with uniform B

Magic v = 29.3

B = 1.45T with electrostatic quadrupoles for vertical focusing
Pion or Muon Injection

Improvements to CERN Experiment:
1. Primary proton beam intensity with booster x200
2. Superconducting Inflector
3. Storage ring magnet: Field Homogeneity and Control - Homogeneity to ~1 ppm, (CERN =
10 - 15 ppm) We employ the following to reach this goal:
. Superconducting Coils

a
b. Larger Magnet Gap

Azimuthal Symmetry in Iron Construction

o

&

Four forms of Shimming (Active and Passive)

e. NMR Feedback and Control

4. Magnetic Field Measurement (NMR) Accuracy to ~0.1 ppm To be achieved by:
a. NMR Trolley Which Moves Inside the Vacuum Chamber
b. Fixed Probes (360) Outside The Vacuum Chamber
c. Plunging Probes (10) to Cross Calibrate with Trolley

5. Detector System Increased Acceptance, Higher Data Rate and Time Measurement Capa-
bility
To be achieved by:
a. Scalloped Vacuum Vessel to Minimize Pre-Showering
b. Segmentation and Pulse Shape to Reject Double Events

c. Segmented Detectors and/or a Position Sensitive Device in Front

d. Improved High Rate Capabilities in the Detectors and Electronics

6. Stored Muon Distribution
To be monitored by:

a. Following Injection with Scintillating Fiber Monitors
b. At Early Times by De-bunching Measurements

c. At Early and Middle Times by Pick-up Electrodes

. Throughout the Storage Time by Wire Chambers

[o W



Table 3.2.2: Muon (g — 2) Ring Parameters

Parameter

(9 — 2) Frequency

Value

fu ~0.23 x 105/s

Comments

wy =27 f,

To = 1/fo = 4.37us
Muon Lifetime YT = 64.4 ps

pp = 3.0944 Gev/c

Muon kinematics

Yo = 29.3
Cyclotron Period Teye = 149 ns
Central Radius p = 7112 mm (280")
Magnetic Field B = 14513T

Storage Aperture 9.0 cm diameter circle

Stored p/fill

(3.5 x 1012P.0.T.) 1,630 7" injection
17,360 p™ injection

Initial Rate ~ 3.7 x 109 pT injection
One Detector ~ 0.3 x 10° 7T injection

In one lifetime: 432 revolutions around ring

14.7 (g — 2) periods

of 10~*, which would be about a factor of 10 better than any other direct comparison of
the lifetimes of free u™ and p~. [3] The test of special relativity is best done with p*
rather than u~ because its lifetime at rest is much better known. A precision of 10™* in
determining 7(x*) may be achieved from the data of the AGS muon (g — 2) experiment
together with the time dilatation factor ~.

The existence of a muon electric dipole moment (EDM) D, would effectively tilt the

plane of precession by an angle
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where D, = v
mc



This produces a phase difference A¢ in the (g — 2) oscillation observed at varying heights
above and below the median plane. In addition, the frequency w, is increased to w =
wa(l+ 52)1/ 2. It is therefore important to determine whether there is a vertical component
to the precession in order to separate out the effect of an EDM from the determination of

We-

In the CERN experiment [1,4] scintillation counters in coincidence with the electron
calorimeter, counted the number of decay electrons above and below the median plane,
to search for an average A¢ shift. The value D, = (3.7 & 3.4) x 107 e — em was
measured which is consistent with a zero value for the muon EDM. The statistical error
was dominant, but in addition, an important systematic error arose from the misalignment
(by about 1mm) of the split between the up and down counters with respect to the median

plane of the muon orbits.

We hope for an order of magnitude improvement in the AGS experiment. The sys-
tematic errors are serious, but they should be manageable enough to permit an order of

magnitude improvement on the EDM limit. [5]

In the present detector design each station will have a segmented scintillator in front
of each calorimeter which will provide five vertical bins. It is planned to have at least one

calorimeter station equipped with a position sensitive detector which has finer resolution.

In addition, at one point in the ring there will be a wire chamber system which will
track the decay electrons, and will provide much more information on the electron distri-
bution than it is possible to obtain with a single position measurement. By tracking the
decay electron back to the point where it is tangent to the ring, one can infer the muon

distribution, and its lowest moments.

It is interesting to note that the CERN (g — 2) storage ring magnet has had a varied
and successful but unanticipated history after its use to measure muon (g — 2) . First
at CERN it was converted into a strong focusing ring and used to do the initial cooling
experiment (ICE) both on stochastic cooling [6] and electron cooling, [7] which was an
essential step in the development of the CERN pp collider [8] and thence in the discovery
of the W and Z° bosons. [9] The ICE storage ring with the help of stochastic cooling
was also used to measure the antiproton lifetime and set a lower limit of 32 h. [10] At
present this famous ring magnet is at the Gustaf Werner Institute of Uppsala University
in Sweden and is an integral part of the CELSIUS nuclear physics facility. [11] In view of
this impressive history of the CERN (g — 2) storage ring, it is convincing to believe that
other exciting experiments and uses will be found for the Brookhaven precise muon (g — 2)

storage ring after completion of the Brookhaven (g — 2) experiment.
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Chapter 4.
Statistical and Systematic Errors and Running Time

Revised November 1994

4.1. Introduction

We now address the most important sources of errors, statistical and systematic, in
the proposed measurement of (g — 2).

The number of muons stored following pion or muon injection into the storage ring
is a central issue in the ability to achieve a proposed statistical error. In order to carry
out a calculation of this number, the beam must be modelled from the production target,
through the beam line and injector and finally to a stored muon population. This has
now been done, and the results were reported in a recent (¢ — 2) note [1]. The proton
andpion/muon beam are discussed in Chapter 6 of this report, and the physics of muon
storage is discussed in Chapter 5.

In addition to the statistical errors, the systematic errors, both for the conventional
counting technique used in the third CERN experiment, [2] hereafter referred to as the T
method, and the new Q method (proposed by Morse [3])are discussed below.

4.2. Statistical Errors
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4.2.1. Primary and Secondary Beam Fluxes

With the Booster Accelerator, each AGS cycle can deliver up to 6 x 10'? protons in
the twelve RF bunches. The cycle repetition period is around 2 s. This means a maximum
intensity of 5x 10'2 protons per bunch. In the (g —2) experiment we take one proton bunch
at a time. Since we must assume that the machine will not reliably deliver the maximum
flux, we have taken the conservative figure of 3.5 x 10! P.O.T. (Protons on Target) per
fill for use in the rate calculations. The secondary beam is described in Chapter 6. The
secondary beam flux calculations were carried out assuming an AGS energy of 28.5 GeV'.
For several years, the AGS has operated at 24 GeV to save power. [4] In going from 28.5
to 24 the 7+ flux drops by 5.4%, thus running times need to be scaled up by this factor. T

For pion injection the 7 flux at the inflector exit is

N.

T

+ =1.79%x10" / 10"*P.O.T.
and for muon injection, the p* flux at the inflector exit
N,+ =108 x 10" / 10"P.O.T.

The total pion and muon fluxes at the inflector exit (assuming 3.5 x 1012 P.0.T.) would
then be:

Total 7+ flux = 6.27 x 10° and Total p™ flux = 2.48 x 10°

4.2.2. The Number of Stored and Lost Muons

In the 1992 Design Report, the efficiency for an injected pion to result in a stored muon
is quoted to be 134 ppm. This does not agree with current estimates.

It is felt that with the inflector-storage-ring geometry of the (g —2) ring, the upper limit
on the storage efficiency should be about 50 ppm for pion injection, and with scraping, it
could be as low as 20 ppm.

Recently Mane [5] obtained a capture efliciency of 26 ppm after scraping, which had
long term losses of 2 x 10~ per lifetime, which is well within the level needed. These results
need further study, but we feel confident enough to use them for the current estimates.

The storage efficiency of 26 ppm for pion injection gives

pt Stored per 77 Fill = 1630

t In the periods of dedicated running, it may be to our advantage to run at an even lower AGS energy, to
optimize protons per hour per power dollar. This would have the added benefit of lowering the singles rates
in the detectors just after injection



For muon injection, the upper limit on storage efficiency is about 10%, and Mane’s [5]
calculation for muon injection gave an injection efficiency of 7% after scraping, with long

term losses of 4 x 1079 per lifetime. This storage efficiency gives

pt Stored per Fill = 17,360

4.2.3. Counting Rates After Injection

Following injection, the rate of decay electrons striking the calorimeters is rather high.
The instantaneous rate, assuming there is some time interval (7,) in ps one waits after

injection for the tubes, etc. to stabilize, is given by

” 1 1
Rate = (N - 614 94 Detectars 64.4 x 10~
ate = (N,,) x e - (24 Detectors) 8 (64-4 X 10‘65) e

where €; = 0.45 is the fraction of decay electrons which strike the calorimeters and 64.4 us
is the dilated muon lifetime.

After 20 us the instantaneous calorimeter rate due to decay electrons at each of the
24 stations is 348 x 10% /s for pion injection and 3.7 x 10° /s for muon injection.

We should note that there is a strong sentiment for going to 8 bunches rather than 12
in the AGS.} Should this happen, we would get 3/2 the flux per bunch, and the singles
rate following muon injection will be 5.6 MHz. If the instantaneous counting rate is too
high, we can decrease the aperture inside the storage ring, which is in some ways good,

since some of the systematic errors decrease with a decrease in the aperture.

I This change was made during the 1994 running period to accommodate the increased intensity in the
AGS. We have been assured that it is possible to go back to 12 bunches with some loss in intensity. Since
we do not need the full booster intensity of 5 x 10'2 protons per bunch, we do not anticipate problems in
changing back to 12 bunches.



4.2.4. Running Time Estimates - Full AGS Beam

The fractional statistical error is given by

dwq \/i

de = = -
Wa 2rf,Tu N2 A

(4.2.1)

where f, = 0.229 M Hz is the spin precession frequency, 7, = 64.4 us is the dilated
muon lifetime, and the asymmetry A = 0.4 for the 15 percent of the stored muons which
contribute counts for a 1.85 GeV threshold on the decay electron energy.

It follows that the number of stored muons needed for a given fractional error de is

given by
2

T 0.15 (2n furu A)” (8e)°

N, (4.2.2)

Table 4.2.1: The number of stored muons needed for different statistical
errors.

Muons Needed for Muons Needed for Muons Needed for Muons Needed for Muons Needed for
7 ppm Error 1 ppm Error 0.7 ppm Error 0.3 ppm Error 0.2 ppm Error

N, 2 x 10% 9.7 x 10° 1.98 x 10'° 1.08 x 10'! 2.43 x 10'!

Table 4.2.2: Running time needed to reach various statistical errors for
pion and muon injection. These estimates assumed that the full AGS beam
was available (see text) and that the AGS would operate with a 2 second
cycle time.

Particle Running Time for Running Time for Running Time for Running Time for Running Time for

Injected 7 ppm Error 1 ppm Error 0.7 ppm Error 0.3 ppm Error 0.2 ppm Error
(Hrs.) (Hrs.) (Hrs.) (Hrs.) (Hrs.)
7wt 5.70 277 565 3072 6,923

wt 0.53 25.8 52.8 288 649




The number of muons needed to reach a given statistical accuracy for a range of errors,
are given in Table 4.2.1. The running times needed to accumulate these errors are given
in Table 4.2.2

The running time was calculated assuming the number of stored muons listed in Ta-
ble 4.2.1. The AGS-Booster cycle time was assumed to be 1.8 s, and it takes an additional
0.2 s to extract the twelve bunches, for a total of 2 s per AGS cycle. In the running time
calculations it was assumed that all 12 (or 8) proton bunches were taken.

It is obvious that a very large amount of beam time is required with pion injection
beyond the 1 ppm level. On the other hand, muon injection lives up to its promise of 0.35
ppm in just over 200 hours.

4.2.5. Statistical Errors Achievable with Parasite and Real 7 Injection Runs

We will tune up the injection process, detectors, electronics, etc., in a parasite mode
with a single bunch from each AGS cycle. To obtain an order of magnitude feeling for
the precision one might reach after some dedicated data collection with these running
conditions, after the experiment is tuned up, we give two scenarios: a) One month of pion
parasite running, assuming one bunch (out of 12) per AGS cycle, and b) Two weeks of
dedicated pion injection running with all 12 proton bunches.

To calculate the running time in a parasite mode, where we take one or two bunches,
and then the beam is stretched and extracted, one must assume a 3 s cycle time.

a). Assuming 120 hours of data collection per week, 4.3 weeks in the month, proton flux per
bunch as above, 3 second AGS cycle time, 26 ppm injection efficiency, we find 1.01 x 10°
muons stored, which, from Eq. (4.2.2) implies a statistical error of +3.1 ppm. If we get
the two, or three bunches per AGS cycle, as has been stated by the Associate Director,
then divide the error by v/2 or /3 to get the appropriate improved error.

b). In a dedicated run of two weeks, where we assume 140 hours of data collection per

week, 2 second AGS cycle time, we find a statistical error of +0.99 ppm.

For muon injection, we just scale these errors by 4/10.65 which is the difference in the
number of stored muons per fill from pion and muon injection. One obtains a statistical
error of +0.95 ppm after a month’s parasite run with muon injection (one bunch per cycle),

and and +0.3 ppm for a two week dedicated muon run, which is consistent with Table 4.2.2.



4.2.6. Comparison with Earlier Estimates

While the muon injection rate is close to that found in earlier calculations, the pion rate
is considerably lower. The phase space of the beam exiting the inflector imposes a limit
on the injection efficiency to about 60 ppm. It now appears that the 134 ppm estimate in
the first edition of the Design Report (Chapter X) was optimistic. We should note that in
the running time estimates given in Table II1.4 of the second edition of the design report,
100 ppm was used as the pion injection efficiency. Even correcting for the various factors,
there seems to be a disagreement between this calculation and the second edition design
report Table II1.4.

We note that the earlier calculation of the injection efficiency was done well before the
final beamline and inflector designs were available, and the injection efficiency depends
critically on the phase space of the beam as it exits the inflector, as well as the radial
position of the inflector. To accommodate the superconducting inflector, the inflector exit
was moved outward radially, which would also affect the storage efficiency. Furthermore,

in the early estimates, a tracking calculation was not carried out, as has now been done.

4.3. Systematic Errors

A number of possible sources of systematic errors on the measurement of f, must be
considered.

1. Errors in knowing the mean field B for the subset of stored muons which contribute to
the measurement of f,.

2. Corrections for the effect of the radial part of the electric field, from the focusing
electric quadrupoles, on the spin motions for muons with momenta larger or smaller
than the magic momentum.

3. The pitch correction to spin motion for muons oscillating in the vertical direction (the
vertical component of betatron oscillations of the stored muons).

4. The change of mean radius as a function of time due to differential decay. Muons with
above average momenta have above average storage radii and above average lifetimes.
The average radius and momentum of the stored muon population will therefore slowly
increase with time.

5. The effect of muon particle losses. The average polarization of the stored muons can
depend slightly on their storage trajectories in the ring. If losses were larger, say, for
particles stored at large average radii, then the average phase of the stored muons

could change with time.



6. The effect of a non-zero electric dipole moment on the spin motion.
7. Timing errors due to imperfections in the electronics: these include rate-dependence

of timing and gains in the PMTs and electronics.

4.3.1. The Most General Case: Electric and Magnetic Dipole Moments

The most general formula for the muon spin precession, assuming that the muon has
both a magnetic and electric dipole moment and moves in the presence of both electric

and magnetic fields, is given by

e _9 5
“r T T Ime (9_2)B_%(5-B)ﬁ+nﬁ><B+ﬁ><E(@— )} (4.3.1)

where w, = ws —w. as before and wq is the total rate of spin precession, w, is the cyclotron
frequency, g is the usual muon g factor, the anomaly being a = (g —2)/2, and 7 is a

parameter proportional to the electric dipole moment,

Du = (g) (2';::) '

We have ignored a couple of very small terms, such as a term proportional to 8 - E.

The last term in Eq. (4.3.1), the contribution to the spin precession due to the focusing
quadrupole electric field, is zero at the magic gamma, e.g. when the muon momentum is
such that 8%g = 2 (y = 29.3=“magic gamma” or p, = 3.1 GeV, the “magic momentum”).
We therefore have chosen the average gamma for stored muons to be magic.

The range of stored muon momenta % ~ 1+0.005. The muons with gamma below 29.3
have a smaller than average storage radius, where the radial E-field is negative, while the
muons with gamma above 29.3 have a larger than average storage radius, where the radial
E-field is positive. Therefore, the change in w, due to the last term in Eq. (4.3.1) has the
same sign for muons both above and below the magic gamma. This leads to the need for

a correction discussed below in the E-field correction subsection.



4.3.2. The Effect of a Hypothetical Electric Dipole Moment

On theoretical grounds there is reason to believe that the electric dipole moment (EDM)
of the muon is extremely small, and therefore is not likely to affect w,. With a non-zero
EDM, by far the largest effect on w, comes from the third term in Eq. (4.3.1), which
causes the spin precession vector to tip outward radially by the angle § = tan™1(n3/2a)

and causes the magnitude of w, to increase by the factor 4/1 + (%)2 — 4/1+62. The
tipping of the direction of w, leads to an average vertical component in the decay electron
momenta which oscillates at frequency f,. This produces a corresponding oscillation in the
average vertical detection position of electrons, which we plan to measure using vertically
segmented counters (either the FSDs or PSDs, see Chapter 16).

Experimentally, CERN III [2] established the best experimental limit, D, = (3.7 £+
3.4) x 107e — e¢m, or § = 3.8 x 1072, which gives a correction factor to w, of V1482 =
1 + (7 x107%). We plan to improve the experimental limit on the EDM by an order
of magnitude by measuring the amplitude of oscillation of the average vertical detection
positions of the electrons using detectors with more vertical segmentation. With an order

of magnitude improvement on the EDM measurement, the uncertainty in w, due to the

EDM would be v1+42 = 1 4+ (7x 10_8), which is negligible.

4.3.3. General Requirements for the Measurement of g,

If we ignore the small term 3 - B in the expression for w, above, (see Eq. (4.3.1)) as

well as the small terms just discussed, we obtain the familiar form

e

Wy =

(9-2)B= —icauB (4.3.2)

2me m

We wish to measure a, with an overall error of less than 0.35 ppm. We would like to
keep systematic contributions small, below 0.1 ppm. This requires precision measurements
of both w, and B. It is important to note that it is these quantities averaged over the
ensemble of detected electrons which need to be known accurately, not for individual
muons.

The experimental value of w, comes from the measured frequency of oscillation in the
detected electron time spectrum over ten muon lifetimes, for a large number of electrons.
The detector system must therefore be capable of producing accurate timing of the decay
electrons, averaged over a large number of electrons, to 0.1 ppm. If a fit is made to data
from 0 to 200us after injection, where approximately half of the statistical significance of
the data lies, then the timing must be good to about 20 ps on average. The timing over

the full ten muon lifetimes=640 ps must be good to 64 ps. The statistical significance of



data beyond 640 us is negligible. Of course, the detection times for individual electrons
can only be measured to an accuracy of a few hundred picoseconds, and in fact we plan
to measure them to the nearest 5 ns detector clock cycle. The data are collected in a
histogram as a function of time, and a 5 ns bin width is easily small enough for a good
fit to the time histogram when compared with the precession period of 4.4 us. However,
on average, the decay electrons must fall into the proper time bin. This means that the
boundaries of the 5 ns time bins must be stable to 20 ps on average. This will be discussed
below in detail in the detector systematic error subsection.

The B field is measured with precision proton NMR probes. This is done by measuring
the rate of precession of an NMR proton, w;), in the B-field at many points in the storage

ring. The NMR proton is at rest, so that its precession rate is

e
W =— g

P 2myc

with a correction (~ 26 ppm) for the effects of the medium surrounding the proton (see
Chapter 14). The NMR probes will be calibrated at LAMPF as described in Chapter 14.
The frequency standards for both the NMR system and for the detector system will be
stabilized using the same LORAN C 10 MHz time standard module.

The B-field seen by an individual muon, averaged over one cyclotron turn, is expected
to be uniform to 1 ppm, and the NMR measurements are expected to be accurate to 0.1
ppm. Again, it is only the B-field averaged over the ensemble of muons which decay and
the decay electrons are detected which must be known to 0.1 ppm. Given the map of the
B-field from the NMR measurements, and a knowledge of the stored muon distribution
(see Chapter 15), the average B-field for the ensemble can be determined to 0.1 ppm. It
is possible for the muon phase space distribution to change as a function of time after
injection, which may affect the average B-field, and this must be known. Examples of this

are differential decay in the ring and muon losses, and these are discussed below.



4.3.4. Factors Affecting the Mean Field

The magnetic field will be mapped and calibrated with high precision proton NMR
and it is expected to achieve an overall accuracy of 0.05 to 0.1 ppm.

As explained in Chapter 14, it is intended to monitor the field continuously at some 360
positions outside the vacuum chamber. There will be 12 plunging NMR probes which can
be driven radially across the storage aperture. Also the muon runs will be interrupted on
a regular schedule and the field measured inside the vacuum chamber. As a result errors
due to a drift of the field are expected to be negligible. The usual statistical tests will
be applied to estimate the deviation of the true mean from that derived from the many
sample measurements.

An accurate map of the field must be folded with the muon distribution to find the
mean field for the ensemble of muons that contribute to the determination of the f,. New
techniques are introduced in this experiment to reduce uncertainties in this average.

As explained in Chapter 5, the moments I, J, of the muon distribution can be cal-
culated from the initial conditions at injection and it will be possible to measure them
with pickup electrodes, traceback electrons, and fast rotation analyses (Chapter 15). The

magnetic field will be averaged in azimuth to give

27
B(rae):%\/o B (r,0,¢)d¢

s

and B(r,0) will be expressed in terms of multipoles

B (r,0) = f: (Culn + Sndy) /1o
0

By using a circular aperture the higher moments of the muon distributions will be kept
small and the lower multipoles of the field will in any case be small. Therefore, we expect
the error in computing the mean field B for the muon population to be no greater than
0.1 ppm.

The stored muons do not contribute equally to the data for f,. The particles on the
inside of the ring contribute more counts than those on the outside because of the detector

solid angles involved. The observed muon distributions will be corrected for this bias.



4.3.5. Effect of the Radial Electric Field

If the electric quadrupole field is given by E = k% where k is the quadrupole constant
and p is the radius of curvature of the ring at the center of the aperture, it will be equivalent
to a magnetic field gradient of field index n if the electric force eE = ek% is the same as
the change of magnetic force due to the magnetic gradient <-nB %, where n is the field
index.

Hence the effective n-value for electric quadrupole focusing is

k 2eV ( P )2
n—— = —_—
BB Bpoc \ e

where V is the voltage applied between the center of the aperture and the horizontal

electrode at -7, and pg is the stored muon central momentum. One should note that the
circular storage region has radius rp = 4.5 ¢m and the electrodes are at r. = +5.0 cm.

The effect of the radial electric field on the spin precession is given by

7o (%) (i)

where a is the anomalous magnetic moment of the muon and

aeB
fo=

2mme

For muons whose average radius is at the center of the aperture ( average radius p and
frequency fy), a(y?—1) = 1, and the electric field has no effect on the precession frequency.

However, for other radii, v does not meet this condition and

Afo  28Edy

fa_B'Y

If z. is the displacement of the equilibrium orbit from the center of the aperture, and

z the instantaneous position of the particle,

2 -un(s)
() )

Afa__n . T,
fa_ 2(1 )(Pz)-

and

Hence




If the horizontal oscillations of the particle about its equilibrium orbit at z. are exactly
sinusoidal, i.e. if the quadrupole field is perfect, the time average value of z is < z >= =..

Then averaging over all particles

Afa__n . <mz>)
fo 2n(1 )( p*

For muons uniformly filling the available phase space in a circular aperture

2
T
<m§>:i

where 2r( is the horizontal aperture, so

Afa__ n n ""_02
fo Kn(l )(p)

with K = % For the planned circular aperture of radius ro = 4.5 ¢m, this correction is

0.69 ppm. The electric field decreases the experimental (g — 2) frequency by this small
amount.

For a rectangular aperture of width 2ry the same formula applies with K = %

It is desirable to know this correction to about 10%, so the value of n must be known
to this accuracy. The distribution of the equilibrium orbits can be found experimentally
from the rotation frequency patterns at early times, giving measurements of < z. > and
< 22 >. More detailed calculations will be necessary once the exact form of the quadrupole
field is known, and allowance must be made for azimuthal gaps in the electrodes. There

would appear to be no difficulty in principle in knowing this correction to 0.05 ppm.

4.3.6. The Pitch Correction

The theory of the pitch correction in the case of vertical focusing by electric fields has
been given by Farley [6] and further discussed by Field and Fiorentini. [7] A nice summary
of many of these details appears in the review by Farley and Picasso. [8]

At the magic energy we have f, = fo(1 — C) where

aeB
fo=

2mme

and

fi
C=0.25x|1—- ——=>—
l v (f5 = £7)
Here X is the angular amplitude of the sinusoidal pitching motion at the angular

frequency f,. In our case, fo = ayf. and f, = %, where f. is the frequency of the particles
in the orbit, so the final correction term inside the brackets is negligible and C' = 0.25X3.



If y is the instantaneous position of the particle above the median plane and A, is the
27r<y2>

A
For particles filling phase space uniformly in a vertical aperture of size 2b, the overall

wavelength of the vertical oscillation, Xo = (27Ymqs/Ay) and we can write C =

average value of y° is
< y? >=0.250

so, on average over all trajectories

b’

272

v

C —

for a rectangular aperture.

For a circular aperture of radius rg,
<y? >=0.143r]

In this case,
0.0715 (471'2) 73
C = ¥

With A, = (27rp/n%) this gives finally

2
C = 0.0715n (’"—0)
P

With ro = 4.5 cm, p = 711 cm, n = 0.135, the correction is 0.40 ppm.

Knowing this to 0.02 ppm means knowing the value of n to about 5%, and having
evidence on the vertical distribution of the stored muons, which comes from the decay
electron traceback. Again a more detailed calculation allowing for the gaps in the focusing
electrodes will be made to relate X3 to the observed vertical distribution of particles. There

should be no difficulty in establishing this correction to 0.05 ppm.

4.3.7. The Differential Decay Correction

The muons of higher momentum near the outside of the storage region have a longer
lifetime than those on the inside, so after several lifetimes the mean radius will shift

outwards and the mean muon momentum will increase. If y7 is the dilated lifetime, the

shift at time ¢ is
Ap_(t)(<mz>)
p T p*

where z. is the position of the equilibrium orbit relative to the center of the aperture.
2
To
14°

For the phase space distribution in a circular aperture of radius o, < z? >= S0

the shift in mean radius will be

2
Ap —0.071 (i) (’"_g)
p 7/ \p



i.e. Ap=0.02 mm per lifetime.

Again, experimental measurements will be made of the stored momentum distribution
(fast rotation) and the positions of decay as a function of time (electron traceback) to
confirm predictions for a circular aperture.

In view of the uniformity of the magnetic field the average radius shift with time will
produce a negligible effect on the mean field. There will also be a slight shifts in the
electric field correction and in the distribution of decay electrons on the front face of the
detectors, and also an effect due to the slight spin phase dependence on average storage
radius. Given our measured data on the phase space distribution and the predictability
of the differential decay, all these will produce a negligible effect on the muon precession

frequency.

4.3.8. Particle Losses from the Storage Ring

The stored muons have some probability of missing the aperture defining stops at early
times, only to be lost later. Thus, the population inevitably takes some hundreds of turns
to settle down to its final level. Furthermore, small irregularities in the magnetic and
electric fields give small perturbations of the orbits and may cause particles to be lost at
later times. Experience at the CERN ring indicates that continuing losses of about 1% per
lifetime can be expected, but this can be reduced to less than 0.1% if the particles near
the edges of the aperture are scraped off by deliberate field perturbations at early times.

The lost particles can influence the observed (g-2) frequency because they contribute
to the precession curve at early times, but not at late times. So if they have a different
mean field, or different spin angle than the average there will be an error. Lost particles
are inevitably those which pass near the aperture stops, and so in principle are different
from the average. Their polarization vector may therefore be different, and we would like
to put limits on this effect.

In one muon lifetime (64 ps) there are 15 (g-2) cycles, so the total precession angle is
5.4 x 103 degrees. For 0.1% losses per lifetime and a 0.1 ppm error in f,, the lost particles
could have a maximum departure from the average (g-2) phase by 0.54 degrees, which is
a fairly stringent requirement.

There are two factors which determine the phase of the (g-2) precession:

a. The average muon spin direction arising from the detailed left-right selection in
the m — p decay process in which the muons are born.

b. The average p-e decay direction for the electrons which reach the detectors, referred

to the muon rest frame.



In the # — u decay process
P = pr [0.21 (1 + cos ©F) 4 0.58]

A center of mass decay angle ©* of 22 degrees gives Ap = 1.6%. This is the maximum
pr — pu which will contribute a stored muon with pion injection, so the muon spin direction
spreads over a 22 degree cone (11 degree half-angle) about the pion direction. If left and
right decays are equally probable the mean muon spin angle will still be zero on average.
However, when the muons are injected by m-decay in the ring, there are small factors
favoring outward over inward decay angles. But if the muons are produced in the straight
muon channel, as will be the case for muon injection, left and right decays should be
trapped with equal probability. A residual 1% difference between left and right trapping
would give a phase shift of 0.2 degrees for the muons which are lost, if, of the 0.1% of lost
muons, all are either of the left or right variety. Furthermore [9], with pion injection, the
muons with 30 < z, < 45mm are born at a mean azimuthal location of 132°, while those
with —45 < z. < —30 mm are born on average at 182°. Of course,the muon spin begins to
precess as soon as the muon is born. For 0.1% muon losses per lifetime, this gives a phase
change of about 0.5 degrees. However, these errors occur only with pion injection. The
muons injected into the storage ring during muon injection are born in a straight channel.
Thus these errors do not apply for muon injection.

For decay electron detection, there is inevitably a bias in favor of (outward, inward)
decays of (uT, p~) (those electrons which at the time of muon decay have a small negative
radial velocity component), in which case the electrons emerge from the magnet rapidly.
Outward decays (electrons with initial positive radial velocity components) emitted at the
same angle relative to the muon follow a longer path in the magnet before hitting the
counters and so have a greater probability of being lost vertically or horizontally. Thus,
the mean direction of the muon spin is tipped slightly inward or outward, and this effect
is greater for high momentum muons near the outside of the storage region (e.g. larger
than the average storage radius) than for low momentum muons. Selective losses at, for
example, the outside of the ring would change the phase of the (g-2) precession curve.
The typical decay direction also depends on the decay electron energy due to the variation
of detector acceptance with energy. Calculations of mean muon decay direction give 0.16
degrees from the highest momentum muons and 0.02 degrees for the lowest, a spread of
only 0.145 degrees, so the effect will be very small.

It is proposed to test for this effect during the experiment by artificially creating large
losses at the extremes of the aperture by moving the aperture defining stop. The (g-2)
phase will be recorded at early times for the remaining particles, and compared with the

normal value. This will yield definitive limits on this error.



Another way to study the effect is to make some runs without scraping (loss level 1%)
and to measure this 10-fold larger change in the (g-2) frequency. This could be done in
about 1% of the running time. On the assumption that the mechanism for losses with
scraping are similar, but smaller, a good estimate of the correction will be obtained. We
will also measure the number of lost muons using muon monitors placed inside the ring.
The muons will be detected as particles which pass in coincidence through at least two
successive detector stations, with a small amount of energy deposited in each calorimeter.
The muon loss detectors will be calibrated when the losses are 1%. Assuming a similar
distribution of losses at the 0.1% loss level, this provides a direct measure of the muon loss

rate.

4.3.9. Timing Errors

A systematic difference in timing between the early times when counting rates are
higher, and late times when counting rates are lower will give an error in the (¢-2) frequency.
The fit to the frequency is sensitive, in effect, over a time span of 3 lifetimes, 200 us. So
an error of 0.1 ppm implies that the required timing accuracy be better than 0.02 ns on
average over many events. The timing accuracy and linearity of the (g-2) digitrons from
CERN III [2] at low rates has been demonstrated to be an order of magnitude better than
this with crystal-controlled test pulses, but these tests were not carried out at high rates.

At high counting rates timing errors occur because in a closely-spaced pulse pair the
first pulse will register while the second will be lost. With dead time ¢; and count rate
R the erroris é = 0.25 R t?l. If both pulses are rejected there should be no timing error,
but a calculable small loss in the count rate. This will affect the measured lifetime to
first order, but not the precession frequency. In the experiment the initial counting rate
in each calorimeter may be as high as 8 M Hz, but the double pulse rejection, using time
over threshold and counter segmentation information will reject better than 90% of the
double counts. With an electronic dead time {;=10 ns, for example, the timing error at
early times is then 20 ps, which just meets our standards. However, we will measure the
time of each decay, therefore, we will know accurately the value of ¢;, and we can make
corrections accordingly a factor of 3 better than we need. It is straightforward to examine
such effects experimentally by putting the signals from several counters into one timing
channel, thus increasing the counting rate well beyond the normal, and then calculating
the appropriate small correction.

However, the above error can be eliminated with a new method of analysis which
becomes possible since we will instrument the calorimeter with a waveform digitizer which

digitizes the output voltage from the calorimeter at accurately defined time intervals of 2.5



ns. In this method of analysis, the WFD pulse height is entered into the time histogram.
Therefore, the w, analysis is done on the WFD time distribution, ie. eventsxwolts vs.
time, instead of events above threshold vs. time. The pulse height is recorded by the
WEFD if it is above a hardware electronics threshold. Event overlap causes no error, if
the WFD hardware threshold is sufliciently low and if the pulse height measurement is
sufficiently linear. A Monte Carlo based calculation [3] indicated the hardware threshold
should be below 500 MeV and the linearity should be better than 10%. This calculation
assumed a very high probability of overlap of events: 20% at early times in the fill.

The statistical sensitivity of this ’Q’ method is inferior to the traditional method of
analysis. Briefly, this is because the asymmetry is a strong function of the electron energy,
and only the high energy electrons have high asymmetry. The statistical sensitivity for
the WFD Q method of analysis [3] is less than the traditional method by about 1/4/2.
Therefore, this new method of analysis will be most useful for muon injection. The WFD
Q method will be very useful if we exceed our target statistical sensitivity, which may be
likely with muon injection.

Apart from the timing logic, errors can occur due to the finite rise times of the primary
signals if there are any threshold, gain, or base-line shifts at high rates. With typical rise
time of 3 ns, [10] these shifts must be less than 0.3% to avoid errors greater than 0.01
ns. In addition, the gains must be calibrated to 0.2% on average at early compared to
late times in order to hold slewing of electrons into the wrong energy bins to an acceptable
level. This is a demanding requirement, but not impossible. With the Q method of analysis
employing the WFD, threshold shifts cause no appreciable error if the hardware threshold
is below 500 MeV. Small gain changes and baseline shifts also cause no appreciable error.

If one pulse falls on the tail of a previous pulse, the energy measurement of the decay
electrons is invalid. As a result, counts belonging to the wrong energy bin with incorrect
(9-2) phase can be introduced at early times, but this will not happen at late times when
counting rates are low. To avoid such effects in the threshold method of analysis, it is
essential to reject all pairs of events which occur within say 100 ns of each other. This
error causes no appreciable error with the new method of analysis with the WFD, if the
hardware threshold is below 500 MeV. Another error occurs in the traditional method of
analysis if two half energy events occur within say 5 ns and pass the double pulse rejection
system. This can be minimized in the traditional method of analysis by choosing an energy
threshold such that the mean asymmetry A of overlapping events is small, at a small loss
of statistical sensitivity. Furthermore, this results in no appreciable error in the WFD Q
method of analysis.

Overall, timing errors and (g-2) phase errors at early times due to pile up effects will

be small. They will be studied at higher rates to measure the correction. Careful electronic



design, fast rising detector pulses, and high speed logic will minimize the effects. The new

Q method of WFD analysis is complementary to the traditional method, and will provide

a further check.

4.3.10. Summary of the Systematic Errors

Table 4.3.1: A Summary of the Systematic Errors

Source of Error
or Correction

Magnet calibration,
Averaging B over
muon population

Radial E field

Pitch Correction

Differential decay

a, phase change due
to muon losses

Timing errors at
early times

Magnitude of
Correction

(ppm)

0.69

0.40

0.1

0.09

Errors added in quadrature

Error

(ppm)

0.1

0.03

0.02

0.01

0.05

0.03

0.12

Comments

Continuous monitoring
Circular aperture, measured
muon distribution

Rotation frequency to
measure distribution of
equilibrium orbits

Measured muon
distribution

Measured at larger loss
levels with no scraping

Measured at higher
rates by combining
signals from several counters

The sources of systematic error are summarized in Table 4.3.1. If a correction needs to

be made to the final data, then the magnitude of that correction, as well as the expected

uncertainty on that quantity is given. The dominant systematic error is the knowledge



of the magnetic field averaged over the muon population. Our knowledge of the muon

distribution and the field thus provide the systematic limit for this measurement.



4.3.11. The Detector/Electronics Systematic Error Budget

Recently, after a Detector Team meeting at Urbana-Champaign in October 1994, a list
of the systematic errors introduced by the detectors and electronics was drawn up. [11]
This is a preliminary list, but is included here to alert the reader that such an accounting

exists.

Table 4.3.2: The conversion factor between errors in detector related
quantities and a 0.1 ppm effect on the measured value of a,.

Detector/electronics mistake Threshold Method Q Method
PMT gain shift 0.2% 2%
WEFD Linearity NA 10%
Event overlap suppression > 10x NA
PMT transit time shift 20 ps 20 ps
Electronics time slewing 20 ps 20 ps

The conversion factors which equate detector electronics mistakes to a 0.1 ppm effect on
the measurement of the anomalous magnetic moment of the muon are given in Table 4.3.2
The first number is for the threshold (“T”) method of analysis, [12-13] the second is
for the WFD “Q” method. [3] The detailed calculations are given in the g-2 Notes by
Morse [3], Carey and Miller, [12] and Miller. [13] If no correction is made, the effect
given in Table 4.3.2 will give a 0.1 ppm shift in the measurement of a,. Alternatively, if
a correction is made for the effect, an uncertainty on the knowledge of the effect at the
above level will lead to a 0.1 ppm uncertainty in the measurement. The gain shifts and
time slewing are differences between early and late times.

The performance of the detector electronics have recently been documented in g-2
Notes. The phototube tests on rate stability, gating and blanking are described in notes 201
and 202, [14-15] and further details on pulse tail effects have been studied by Ouyang. [16]
The MTDC is described in note 207, [17] and the performance is described in note 206. [18]

The measured detector/electronics responses are summarized in Table 4.3.3 along with
the relevant g-2 Note reference.

The error in the measurement of a, due to the detector electronics errors is given in
Table 4.3.4 In light of the reported shift due to pulse tails which was reported at the Illinois
detector meeting, [16] it was agreed that additional study is necessary for pulse shaping,

deadtime corrections, etc. to reduce these effects for the threshold method of analysis.



Table 4.3.3: Measured Detector/Electronics Time Shifts.

Electronics error Measurement Ref. comments
MTDC rate dependence < 20ps [17] rate = 10 MHz
WED rate dependence < 20ps [17] rate = 10 MHz
PMT transit time shift 2ps [14] average shift at 5 MHz
Rate dependent PMT gain shift < 0.6% [14] rate = 10 MHz
Blanking PMT gain shift < 0.6% [15]
Electronics error Threshold Method Q Method
MTDC rate dependence < 0.1 ppm NA
WEFD rate dependence NA < 0.1 ppm
Total PMT gain shift < 0.6 ppm < 0.06 ppm
PMT transit time shift +0.01 ppm +0.01 ppm
Tail effect (8t < 125ns) [16] > 0.1 ppm NA
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Chapter 5.
The Physics of Muon Storage

Revised August 1994

5.1. Introduction

In the initial year of running for E821, we will begin with the injection of pions into the
storage ring. After the muon kicker is ready, we will inject muons directly into the ring.
Since pions or muons exit the inflector and enter the vacuum chamber at a radial point
which lies outside of the storage volume, a kick is needed to store muons onto a stable

orbit in the storage ring. With pion injection, the decay

at — ,u"" + vy

provides the kick to place muons onto a stable orbit in the storage ring. If muons are
injected directly, a fast kicker is necessary, and it is placed one quarter of a betatron oscil-
lation around from the injection point. (Ahn and Lysenko [1] carried out the first thorough
study of this option.) There are similarities and differences in these two techniques which
are discussed below.

More recently, tracking codes developed by Mane [2-3] have been used to study both
pion and muon injection.

One should note that although muons are stored in a weak focussing circular machine,
it is not a storage ring in the traditional sense but rather more like a static device such
as a spectrometer or a beamline. (See Wiedemann, [4] Edwards and Syphers [5] and the
classic treatise by Sands [6] for a discussion of weak focussing, storage rings, etc.)

Because the muon lifetime is 64.4 us, after 640 ps almost the entire beam has been

lost to muon decay. The energy loss per turn from synchrotron radiation is given by [7]

2 2
:471'6 34:471'6 he 5 4

which with 8 = 0.99942, v = 29.3 yields 6.2 x 107" MeV/turn, which means that
after 10 muon lifetimes the beam energy loss totals 2.7 x 10~° MeV, which is negligible.
On the other hand, e* which happen to be in the 7% or p* beam will quickly radiate their

energy and spiral inward and be lost from the storage ring
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Thus for pion injection without beam scraping, there is no need for RF power or any
other dynamic element. (Direct muon injection is discussed below.) While it is true that
the electrostatic quadrupoles which provide the vertical focussing are pulsed, the reason
for the pulsing is to prevent charge build up and the resulting sparking, rather than having
any beam-dynamic function. The only requirement is that the quadrupole high voltage is
turned on before the beam arrives, and then is turned off after the muons have decayed. Of
course, when the beam is scraped after injection into the ring, the quadrupoles do perform
a dynamic function when they are energized asymmetrically to produce a temporary dipole
component which kicks the beam.

In the absence of scraping, the beamline-storage-ring system is essentially a beamline-
spectrometer system rather than a conventional storage ring. This point will be returned
to in Chapter 22, where we discuss commissioning with beam and propose to use the
storage ring magnet as a 180° spectrometer.

Even with scraping, where the quadrupole plates will be initially powered asymmetri-
cally, they are turned on before the beam arrives, held constant for a hundred turns, and
then brought up over fifty beam revolutions to their final symmetric voltages.

Only when the fast kicker is employed, do we encounter some of the complications of
a traditional storage ring, since the kicker needs to be at flattop before the muon bunch
enters and off 149 ns later when the beam returns for its next pass.

In the following sections we discuss a few general features common to both injection
options, such as the phase space of the ring, etc., and then consider the specifics of the

two injection schemes.

5.2. General Features of Muon Storage

In the traditional storage ring, great care is made to match the emittance of the beam-
line to the Twiss parameters, o, B, v [8-9] of the storage ring.T This is not possible in
the (g — 2) experiment. With pion injection the random 7w — pv kicks make matching
more or less meaningless. For direct muon injection, beam matching would require that
the inflector aperture be at least as large as the storage aperture (90 mm). This is not
possible without compromising the magnetic field uniformity needed to perform the mea-

surement of a, to the desired precision. Instead, the geometry of the inflector magnet was

t The Twiss parameters are also referred to as the Courant-Snyder parameters. [9] H. Wiedemann [4]
uses Twiss parameters, Edwards and Syphers [5] refer to them as Courant-Snyder parameters, as do Ahn
and Lysenko. [1] Sands, avoids the issue altogether.



chosen to roughly match the emittance of the incoming beam, except that an iron-free
superconducting design was chosen, [10] rather than the pulsed device used at CERN. [11]

The storage ring is a weak focussing device, with an average field index n = 0.135.
With the assumption that the vertical focussing is provided by a uniform quadrupole field
spread around the storage ring, the horizontal and vertical betatron oscillations obey the
equations

i+ wiz =0 (5.2.1)

and

j+wiy=0 (5.2.2)

which are harmonic oscillator equations with the frequencies
wy; = w1 —n wy = wev/n (5.2.3)

where w, is the cyclotron frequency. For a uniform quadrupole gradient, the field index n

is defined by
_r 9B
By, Oz

n —

where p is the storage ring radius, By, is the vertical dipole magnetic field, 0B, /0z is the
magnetic gradient term which provides the quadrupole focussing. If both magnetic and

electric gradient terms are present, the effective field index becomes [12]

e P 0B, p OE,
/I By, Oz BBy, Ox

In E821, only the electric field term provides vertical focussing since the magnetic field will
be the purest dipole field one can obtain. From Eq. (5.2.3) one sees that the requirement
for stable orbits is 0 <n < 1.

For our value of the field index, n = 0.135, the betatron wavelength is 1.08 turns
horizontally and is 2.72 turns for the vertical motion. In reality, the quadrupoles do
not cover the entire ring and the 8 function is not quite constant around the ring. The
geometry is shown in Fig. 5.2.1 and the horizontal and vertical 8 functions are shown in
Fig. 5.2.2. With finite quadrupoles, the restoring force will depend on arc length s as will
the B-function, and the motion is only approximately simple harmonic.

The B function indicates the maximum transverse excursion the beam makes, since
the maximum excursion is proportional to m . The smoother the @ function is, the
smoother the transverse beam envelope. The CERN ring had a two-fold symmetry, which
produced ~ 30% difference in B3,,,; and B, which should be compared with the few

percent change present in the four-fold symmetry for this experiment. [13]



Figure 5.2.1: The geometry of the (g—2) storage ring showing the vacuum
chamber, the inflector, the quadrupoles and muon kicker locations.



Figure 5.2.2: The horizontal and vertical beta functions for the storage
ring.



Because of the relatively flat 8 function, the four-fold symmetry permits rather large
gaps between the quadrupoles for the inflector, kicker and beam monitors. The quadrupoles
take up approximately a third of the ring, so that the muon decay electrons, on average

will shower much less in the quadrupole material than they did in the CERN experiment.

The experiment has now been modelled using Monte Carlo techniques from the proton
beam striking the production target through the decay electrons showering in the calorime-
ters. This is done in three separate stages. First, the pion yield from the AGS proton beam
striking a production target is calculated as described in Chapter 6. The pions or muons
produced by this calculation are then followed through the beam transport optics, through
the inflector exit and input to the ring tracking calculation. Once a distribution of stored
muons is obtained, it is input into g2-GEANT which simulates the muon decay and the
subsequent history of the decay electrons. The issues relating to the muon decay electrons
are discussed in Chapter 16. The issues which are related to the storage of muons are

discussed below.

5.2.1. Resonances and Beam Losses

Resonances are always important in storage rings, but here we are only concerned
with those which can influence the beam in the first millisecond. If a perturbation in
the storage ring occurs in an azimuthal position such that it reinforces the vertical or
horizontal betatron oscillations, i.e. a driving term of the correct frequency appears on
the right hand side of Eq. (5.2.1) or Eq. (5.2.2), it can drive a resonance, thus causing the
betatron amplitudes to become sufficiently large to cause particle losses from the storage
ring. Such a perturbation usually appears as a field imperfection (multipole) at some point
in the ring, which we will quantify below. It is also possible for a perturbation to couple
the vertical and horizontal betatron motion, which will produce beating between the two.
These phenomena are thoroughly discussed in the literature [14-17] and several (g — 2)
technical notes have been written on the subject. [18-19]

First a few general statements taken from Ref. 14. An n-th order multipole field
can drive all resonances up to n-th order with driving amplitudes that depend on the
strength of the multipole, as well as its location within the lattice. All even perturbations,
such as quadrupole, octupole, duodecapole, etc., lead to some tune shift or spread, and if
the tune spread extends into the stop band (width) of a resonance of the ring, a loss of
particles can result. On the other hand, weak odd perturbations, e.g. dipoles, sextupoles,
or decapoles, etc. do not lead to a tune shift [20] and to a loss of particles.Certainly strong

odd perturbations, e.g. sextupole, can indeed cause a tune shift and losses.



In a circular machine composed of one or more superperiods, the superperiodicity of
the lattice is important. For a lattice composed of N superperiods, the Fourier expansion
has nonzero coefficients for every N-th harmonic, and thus a high periodicity reduces
the sensitivity to resonances. We shall see that this is an added benefit of the four-fold
symmetry (superperiodicity) adopted for the (g — 2) ring.

Since the primary sensitivity to resonances comes from the non-ideal electric quad-
rupole field, we follow the discussion of Farley [18] to illustrate the problems which can be
encountered from electric multipoles. We adopt the usual coordinate system (z,y,s) [4]
where (z,y) are the horizontal and vertical directions transverse to the ideal orbit.

Consider the electric potential & given by
¢ =(z+ iy)k cos N¢ (5.2.4)

where ¢ is the azimuthal angle around the storage ring. The potential ® represents the

N-th azimuthal harmonic of the 2k-pole term. We consider one term of ® of the form

FCm 2t (iy)™ cos N¢ (5.2.5)
where . .
k _ . _ .
Cm = Om! (k — m)!m!

is the binomial expansion coeflicient of (z + iy)k and k =4+ m.

The resulting vertical and horizontal electric fields are:
E, = FCmzly™ ! cos N (5.2.6a)
E, =*Cpna' 'y cos N (5.2.6b)

If the unperturbed betatron oscillations are described by Eq. (5.2.1) and Eq. (5.2.2)

above, with the solutions
z = Xopcosv,¢
y = Yy cosvy¢
one obtains from Eq. (5.2.6) the field values
E, = kaXéZ_l)YOm cos‘~1) vy cos™ vypcos N (5.2.7a)
E, = kaXgYO(m_l) cos’ v, ¢ cos™ 1) vypcos N (5.2.7b)

which, following Farley [18] can be expanded in terms of products of simple sines and

cosines;} e.g. the leading term for Eq. (5.2.7b) is

251 cos [, + (m — 1) v, + N] ¢. (5.2.8)

t Recall that cos’(x) ~ cos(£z) + ...



Thus, if the frequency of the driving term given by Eq. (5.2.8) equals the betatron frequency
vy, i.e.

v, +(m—1)v,+ N =+v,,

then the vertical electric field contains a term which will drive the vertical betatron oscil-
lations at resonance and can be responsible for particle losses. The same argument holds
for the horizontal motion.

The general resonance condition can be stated as:
vy, + myy = jN (5.2.9)

where +£, +m, and j are integers and N is the superperiodicity of the machine (4 in our
case). The order of the resonance is given by |£| + |m|. One should note that when £ and
m have the same sign the motion may be unbounded. [5]

One can display this information graphically in the v,,v, (tune) plane, showing both
the resonance lines described by Eq. (5.2.9) and and the (idealized) operating line given
by v? + 1/; = 1. Although with discrete rather than continuous quadrupoles, 8 = 3(s)
and the operating line changes slightly, this discussion still gives a good guide for the the
resonance behavior.

In terms of the field index n, (v;,vy) = (v/1 — n,/n), which for the field index under
consideration, n = 0.135 is (0.93,0.37). In Fig. 5.2.3 we reproduce the resonance diagram
taken from Combley and Picasso, [16] and in Fig. 5.2.4 we reproduce a blowup of the tune
plane from Ref. 2.

The quadrupole design adopted for E821 employs flat electrodes, rather than hyperbolic
ones. This design was adopted because it was felt that with electrodes which have a radius
of curvature (~ 7112 mm), it would be easier and cheaper to fabricate, and to control the
tolerances on the electrodes, if their profile was flat in the transverse plane, rather than
hyperbolic (See Chapter 11). In addition to the desired quadrupole field, such a geometry
produces 12-, 20-, 28-, etc. pole fields. [2]

The 12 pole is eliminated by choosing the correct relationship between between the
plate separation and the plate width. [21] The maximum allowable 20 pole content was
estimated by Farley [18] to be 5% of the quadrupole term.The flat quadrupoles produce a
20-pole/4-pole ratio of byy/bs ~ 1.8%, which is well within this specification. The tracking
calculations discussed below in §5.2.3 included the correct vertical and horizontal focussing
effects of the discrete quadrupoles, as well as the twenty-pole term. The losses were well
within what is acceptable. The multipoles higher than 20 have not yet been included in
the tracking calculations.

Resonances can also be driven by one of a kind or random perturbations at some

point in azimuth. A disturbance such as the superconducting inflector fringe field, or



Figure 5.2.3: Resonance lines up to fifth-order in the (v,,v,) plane taken
from Ref. 16. They use the notation (Qp,Qy) rather than (v,,v,). The
intersection of the working line V% + 1/; = 1 with each of the resonance lines
is indicated by a e, and the working point of n = 0.135 is also indicated by
ae.

the gross misalignment of one quadrupole plate, will generate many multipoles and has a
superperiodicity of N = 1. This type of disturbance presents a double threat to the stability
of the beam since it has the potential to drive many different resonances. Fortunately, it is
likely that the inflector fringe field can be completely shielded by a passive superconducting

shield (see Chapter 10), and the random errors one should encounter from tolerances on



Figure 5.2.4: A small region of the tune plane around the operating point.

(Taken from Ref. 2).

the placement of the quadrupole plates should not be serious. The tolerances have been

discussed by Semertzidis. [22] Random errors at the level of the stated tolerances on the



positioning of the quadrupole plates have already been included in the tracking calculations
described below.

We close this section with a few comments on improvements which E821 will make
over the third CERN experiment, which had a superperiodicity of N = 2. The late term
losses at CERN after scraping were 0.1% per lifetime. In Bailey et al. [11] it is stated:

“These late losses were possibly due to the second harmonic of the octupole component of the field. For
non-ideal ratios of the electrode voltages there was an octupole component in the electric field which had a

strong second harmonic due to the azimuthal arrangement of the electrodes...”

The resonance referred to is the v, 4+ 3v, = 2 line in Fig. 5.2.3 at n = 0.1261. There
is also the decapole resonance 3v, — 2v, = 2 at n = 0.1479. With the four-fold symmetry
of E821, these resonance terms will not be serious. The closest 5-th order resonance with
four-fold azimuthal symmetry is 4v, + v, = 4 at n = 0.2215, but this driving term should
be absent in the electric field. Several 10-th order resonances are shown in Fig. 5.2.4, the
most serious being the 6v, — 4v, = 4 resonance which occurs at n = 0.1479, which was
discussed above.

In summary, the superperiodicity of N = 4 in E821 has three major advantages over

the N = 2 geometry at CERN:

1.) The beta function variation over the entire azimuth is reduced from 30% to a few
percent;

2.) The fraction of the ring covered by the electrostatic quadrupoles is about 43% instead
of 80%, so electron showering in the electrodes is reduced;

3.) The closest low order resonance with N = 4 symmetry is at n = 0.2215 driven by a
decapole term, which is absent from a perfectly symmetric quadrupole. This n value
is 60% higher than the value of n = 0.139 which is sometimes mentioned, and 64%
higher than » = 0.135 which has been used in the tracking calculations.

In addition, the magnetic field uniformity will be 1 ppm integrated over azimuth com-
pared with 20 ppm at CERN so the magnetic multipoles higher than dipole will be substan-
tially reduced from those present in the CERN ring. The situation regarding resonances

is clearly improved over the CERN experiment.



5.2.2. The Muon Distribution and the Average Field

In order to compute the average magnetic field [23] which enters into the the expression
for a,, (see Chapter 2) it is necessary to compute the average field over the storage volume.
By “the average field”, we mean the integral of the field, weighted by the muon population,
over the storage region. If we write the field in the usual multipole expansion

o0

Z [en cos (nB) + sy, sin (nd)] (5.2.10)

where (r,6) are the polar coordinates of the 45 mm radius muon storage region centered at
a ring diameter of p = 7112 mm. This represents a transverse slice of the circular storage
region for one value of the azimuth ¢. This notation is consistent with the coordinate
system used in §5.2.1

The muon distribution, M(r,8) can be expanded in a similar expansion

M (r,0) = Z [Ym (r) cos (m8) + o, () sin (m8)] (5.2.11)

m

where the coefficients v and o are given by

1 27

Yo (r) = o /. M (r,6)d6 (5.2.12a)
1 27

Ym () = = M (r,0) cos (m8) df (5.2.12b)
1 27

om (r) = — M (r,8) sin (m8) d6 (5.2.12¢)
T Jo

To find the mean field we multiply Eq. (5.2.10) by Eq. (5.2.11) and integrate. This

gives
o0

<B>=c¢y+ 110 Z lendn + 80 ] (5.2.13)
where ”
Iy = / M (r,6) rdrdf,
0277
I, = / M (r,8) cos (nf) rdrdé,
and

27
Jn = / M (r,8) sin (nf) rdrdf
0

where R is the storage aperture radius of 45 mm. Note that for a symmetric distribution

all J,, are zero.



Thus the contribution to the average field seen by the muon sample is given by the
multipole coefficients ¢, and s, multiplied by the corresponding moments of the muon dis-
tribution, I,, and J,. We should note at this juncture, that the choice of a circular aperture
was made based on the observation [23] that the sensitivity to higher order multipoles in
the magnetic field is greatly reduced with a circular, rather than a rectangular aperture.
In addition, the circular aperture has the added benefit that both the electric field and
pitch corrections for a circular aperture are decreased, relative to a rectangular aperture
(see Chapter 4).

Both the magnetic field B(r,6) and the muon distribution M (r,6) depend on azimuth
(¢) as well as (r,0). Because of the weak focussing nature of the storage ring, the muon
distribution is unlikely to change in a complicated way as a function of azimuth, since
the B8 function changes are minimal going around the ring. In fact, because of the weak
focussing nature of the ring, in quoting the 1 ppm magnetic field uniformity in the error

discussion it is implied that this is a uniformity integrated over azimuth.

Much experimental and theoretical work must still be done to develop the prescription
of how to combine the information from a field map with information on the muon distribu-
tion in the ring in order to determine the average field which appears in Eq. (2.1.7) or Eq.
(2.1.8). In fact, the required muon distribution M(r,8), must apply to those muons which
contribute to the counting data. Therefore it must include corrections for the counting

probability as a function of muon radius and electron energy as well.

5.2.3. Particle Tracking Studies and Beam Scraping

As discussed in Chapter 4, muons lost from the storage ring thorough mechanisms other
than decay can contribute to the systematic error in (g —2). In the CERN experiment the
loss rate per lifetime was about 1%. By scraping the beam, this was reduced to 0.1%. It
is clear from the discussion in the previous chapter that it is necessary to improve on this
loss rate for the new experiment.

In order to model the ring, new Monte Carlo tracking programs have been developed
which explicitly include both electric and magnetic fields. [3,2] The equations of motion
in the form proposed by Berz [24] were employed in these calculations. More recently,
calculations have been carried out both at Brookhaven [25] and at Boston. [26]

The current ring parameters are:

p = 7.112m (Radius of equilibrium orbit)
po = 3.0944GeV (Design momentum)
B = 3.3356%py/(p) = 1.4513T



The following effects have been taken into account in the tracking program:

1. Multiple scattering in all material

2. Beam loss in entering through the side of Q1

3. The 20-pole content in the electric field plus other random multipoles in the electric
and magnetic fields.

4. End effects at the electrostatic quadrupoles

5. Random misalignments in the collimators and quadrupoles to the design specifications.

Two methods of scraping the beam have been proposed: 1. Kicking the beam sideways
and vertically as was done at CERN, and 2. Changing the ring symmetry from four-fold to
two-fold during scraping, thus blowing the beam up both horizontally and vertically. [27]

After detailed studies [26,28] it was determined that the long term losses were mini-
mized by employing method 1. above.

Although a (g — 2) technical note has not yet been written, Mane [29] has reported
promising results on scraping the beam.

Nine collimators were placed around the ring. In his calculation Mane used aluminium
ring shaped collimators, 15 mm thick to the beam, with an inner radius of 45 mm and
outer radius of 55 mm placed in Q2, Q3, and Q4 as shown in Fig. 5.2.1 at Q2 and labelled
by “C”. For mechanical reasons, in the experiment we will use copper collimators of the
equivalent number of radiation lengths. This higher Z collimator should improve things
further since it has been argued that multiple scattering is the most efficient process for
collimating the beam. [30]

The collimator aperture is chosen to be the desired storage region radius, rather than
larger, to minimize the kick needed to scrape the beam on the collimators. This improves
the injection efficiency, since it has the minimal impact on the 8 function of the ring.

A variation of the scheme employed at CERN, of powering opposite plates in the
quadrupoles with different voltages was employed in the calculation. Horizontally Mane
used a voltage difference between the plates of 0.07 (7%) during the scraping period. Unlike
CERN, the voltage differences were held constant for 100 turns, and then brought up to

the (symmetric) operating voltages over the next 50 turns.



5.3. Pion Injection

In the pion injection option, pions of momentum slightly higher than the magic mo-
mentum are brought into the storage ring. As the pions cross the storage region, some of
them decay, and some of the decay muons have a (vector) momentum compatible with the
transverse and momentum acceptance of the storage ring. The Monte Carlo calculation
obtained a capture efficiency of 26 ppm for pion injection and furthermore, the calculated
loss rate per lifetime obtained for pion injection was 2 x 1075, This loss rate estimate was
based on ~2 losses from the stored sample. This loss rate is considerably better than the
0.1% obtained at CERN, and should eliminate any uncertainty in the (g — 2) value from
muon losses. We note that with the scraping scheme employed here one would expect a
cleaner beam. At CERN, there was one adjustable rectangular collimator in the storage
ring, plus the quadrupoles to scrape the beam on. We have 9 collimators, and in principle
an additional three semicircular collimators could be added in Q1 if necessary. (Recall
that the inflected beam must enter through one plate of Q1, and a full circular collimator
would remove the incident beam.)

The number of stored muons has been presented in the previous chapter, along with
the experimental statistical error for various running scenarios.

This injection efliciency is in agreement with the crude calculation of Morse. [31] Fur-
thermore, the calculations of Benedict [26] obtained capture efliciencies in agreement with
Mane in the scraping scenario described in Note 145, [27] which increases one’s confidence
in these calculations.

Because of the diffuse nature of the kick provided by pion decay, it being roughly
equally probable throughout the region where the pion beam passes across the storage
region, the phase space of the storage ring is uniformly filled.

There are two unfortunate side effects of pion injection: the low efficiency of actually
having a muon stored for a given pion injected, and the large background (generally referred
to as “the flash”) associated with pions, which do not decay in the ring, hitting various
obstructions and causing a large background for the electron detectors immediately after

injection.



5.4. Muon Injection

Direct muon injection into the storage ring is far more efficient in producing stored
muons, and the hadronic background associated with many pions interacting with the
storage ring material is absent. An efficiency of muon storage of 7% was obtained in the
calculations for muon injection. The loss rate per muon lifetime was 4 x 10~°%, almost an
order of magnitude better than that obtained in the pion injection calculations. Further-
more, although the number of pions per muon could be as large as 2:1, this is orders of
magnitude fewer pions (which can cause a “flash”) than will be obtained with the pion
injection option.

Because of the inflector acceptance, the phase space of the storage ring is not filled
uniformly in muon injection, as is shown in Fig. 5.4.1. This should not present a problem
to the measurement, since the muon distribution will be monitored on a pulse to pulse

basis, as well as averaged over the fills that contribute to the data.



Figure 5.4.1: The vertical and horizontal phase space from muon injec-
tion. The circle shows the acceptance of the ring, and the scatter plot shows
the actual particle distribution. The particles outside of the circle will be
lost on the collimators during the scraping procedure.
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Chapter 6.
Pion/Muon Beam and Monitoring

Revised February 1995

6.1. Introduction

In the basic injection scheme used in the CERN experiment, [1] a pion beam was
formed and directed parallel to, but just outside of, the muon storage region by means
of a pulsed inflector. As the pions executed their first oscillations about their respective
closed orbits in the ring, they crossed the storage region and a fraction of them decayed
and emitted muons within the transverse and momentum acceptances of the ring. The
remaining pions were lost on the focussing electrodes or on the inflector structure after one
turn, and produced the “flash” following injection which presented such a challenge to the
muon decay electron detectors.

We will use this same method for the initial phases of the experiment, employing a DC
superconducting inflector as described in Chapter 10.

An alternative procedure, which we also plan to use, is to allow the pions to decay
into muons in a long transport channel which will retain a fraction of the muons. After
separating the residual pions by means of a tight momentum selection, the muons will be
injected through the inflector into the storage ring and be kicked onto a stable orbit by a
fast kicker. This technique of direct muon injection has two benefits:

i) the number of stored muons per fill is increased by an order of magnitude over pion
injection

ii) the flash following injection, which is caused by pions which do not produce stored
muons, is greatly reduced.

The placement of the storage ring in the former 80" Bubble Chamber building makes
it possible to construct a secondary beam channel which can be utilized for either of these

injection methods.

— 86 —



6.2. Proton Extraction and Targeting

During each AGS pulse, it is proposed that 1 to 8 (or 12 depending on the mode of AGS
operation) proton bunches be extracted by firing a one-bunch kicker magnet at intervals
of about 40 msec. Within the 40 msec intervals, the precession of the muons produced
by one proton bunch is measured by the electron counters for a time interval of 10 muon
lifetimes, or about 640 ps. In principle, the interval between injections could be much
less than 40 ms, but then recharging the kicker’s energy storage capacitors becomes more
difficult. Hence, a new multi-pulsing kicker power supply has been designed by the AGS
Department.

The H10 straight section in the AGS ring has been chosen as the point of ejection of
the proton bunches. This is where extraction to the existing Fast External Beam to the
neutrino experiment target is accomplished, and where transfer of Heavy Ions to the RHIC
will begin. Thus, duplication of much extraction equipment will be avoided. No changes
need be made which will compromise normal operation of these other transport lines.

Fig. 6.2.1 illustrates the region of the AGS complex where, after exiting from the AGS
at H10, the primary proton beam is carried around the 4 degree bend in the U line to
the dipoles VD3,VD4 where it is deflected about 3.0 degrees westward. This allows it
to exit into the new targeting area which is under construction. The beam is carried
to and then focussed on the “V” target by VQ9- VQ12. This target station will have
standard instrumentation for proton beam monitoring, including radiation monitors to
monitor beam losses at crucial points in the proton transport line.

The target proper must be designed to withstand high peak and high average beam
heating for intensities up to 6 x 10'® protons per AGS pulse. It is not critical that the pion
source be sharply defined vertically. Hence, a low density heat sink, such as aluminum
or water, could be in direct contact (vertically) with a heavy target such as platinum
or copper, letting the incident beam size largely determine the vertical source size. The
horizontal target width should be well defined for good momentum resolution.

The list of beamline elements needed for the “V” proton beamline is given in Ta-

ble 6.2.1.



Figure 6.2.1: Proton Extraction at H10 and Transport to the “V” Target



Table 6.2.1: Equipment required for proton transport from the U-line to
the “V” target. The key to the abbreviations is: Q = Quadrupole, D =
Dipole, P = Pitching Dipole, hs = Horizontal steering dipole, vs = Vertical
steering dipole, SWIC = Segmented Wire lonization Chamber for beam
profile measurement, IONCH = Ionization Chamber for beam pion/muon
intensity measurement, SEC = Secondary Emission Chamber for proton
intensity measurement.

Magnet Type B(kG)/G(kG/in) L ;s (in) I(kA4) R (mw) V (V) P (kW)
VD3 12C100 9.6400 102.00 1.25 21.0 26. 33.
VD4 12C100 9.6400 102.00 1.25 21.0 26. 33.
vsl 4x6d24 1.2000 28.00 - - - -
VQ9 4Q26.5 2.8000 28.5 .310 93.0 28. 9.
hs1 4x6d24 1.2000 28.00 - - - -

VQ10 5Q36 3.1390 37.50 0.7440 97.5 72.5 54.

vQl11 5Q36 3.1390 37.50 0.7440 97.5 72.5 54.

VQi12 N3Q36 7.9130 37.50 1.7820 12.0 21.4 38.
vs2 4x6d24 1.2000 28.00 - - - -
SEC - - - - - -

SWIC 1mm - - - - - -

TARG Cu 3 mm dia 150 mm

Total “V” Line Power 221.

6.3. The Secondary Pion and Muon Beam

The secondary beamline is designed with a 72 m straight section so that a substantial
fraction of the pions can decay to muons, thus providing either pions or muons to inject

into the storage ring.

6.3.1. Pion Collection and Momentum Definition

The secondary beam layout is included in Fig. 6.3.1 and the beam envelopes and
momentum dispersion are shown in Fig. 6.3.2. Quadrupoles V1Q1 and V1Q2 collect pions
within a solid angle of 1.5 msr (32 mrad horizontal x 60 mrad vertical) and with accepted
emittances of 42 x 10757 m and 56 x 10~ %7 m respectively. The pions are focused on the
momentum defining apertures near V1Q4-V1Q5, where the dispersion due to V1D1 and D2
is 0.42" /percent. The desired pion momentum band is about 2.0% base width. Dispersion
in the selected pion beam is then removed by the action of V1Q3-V1Q6 and V1D3 and DA4.
Primary protons bend only 2.1 degrees in V1D1, miss D2 and are subsequently absorbed

in the beam stop.




Figure 6.3.1: The secondary 7/u Beam to the Muon Storage Ring



Figure 6.3.2: Envelopes and Dispersion of the 7/u Beam



Table 6.3.1: Equipment for the “V1” line. The key to the abbreviations
is: Q = Quadrupole, D = Dipole, P = Pitching Dipole, hs = Horizontal
steering dipole, vs = Vertical steering dipole, SWIC = Segmented Wire
Ionization Chamber for beam profile measurement, IONCH = Ionization
Chamber for beam pion/muon intensity measurement, SEC = Secondary
Emission Chamber for proton intensity measurement.

Mag Type B(kG)/G(kG/in) L ;s (in) I(kA4) R (mw) V (V) P (kW)
ViQl 8Q48 3.3578 52.00 2.7790 35.0 97. 270.
ViQ2 8Q32 2.6384 36.00 2.1180 25.6 54. 115.
ViD1 6x18DT2 14.8940 75.00 0.8500 46.0 72. 114.
ViD2 6x18C72 14.8610 75.00 1.3000 35.0 46. 61.
ViQ3 4Q16 3.1036 18.00 0.2799 183.0 51. 14.
ViQ4 4Q16 3.4065 18.00 0.3072 183.0 56. 17.
ViQh 4Q16 3.4065 18.00 0.3072 183.0 56. 17.
ViQeé 4Q16 3.1036 18.00 0.2299 183.0 51. 14.
ViD3 3x18DT2 14.8610 75.00 0.9120 46.0 33. 24.
ViD4 3x18DT2 16.1320 75.00 0.9900 46.0 36. 30.
viQ7 8Q24 2.0263 28.00 1.5918 21.4 34. 54.
ViQs 8Q24 2.1306 28.00 1.6759 21.4 35. 60.
vsl 4d16 0.6100 16.00 0.0300 500. 15. 5
ViQ9 4Q24 1.0288 26.00 0.1306 30.4 4. 5
viQ1o 4Q24 1.2356 26.00 0.1568 30.4 4. 7
hs1 4d16 0.6100 16.00 0.0300 500. 15. 5
IONCH1 - - - - - -
SWIC1 3mm - - - - - -
ViQ1l1 4Q24 0.9658 26.00 0.1226 30.4 3. 5
V1P1 5D22 4.9859 36.00 0.6760 40.0 27. 18.
SWIC2 3mm - - - - - -
ViQi12 8Q24 0.9658 26.00 0.1226 30.4 3. 5
hs2 4d16 0.6100 16.00 0.0300 500. 15. 5
SWIC3 3mm - - - - - -
ViQ13 4Q24 0.9658 26.00 0.1226 30.4 3. 5
vs2 4d16 0.6100 16.00 0.0300 500. 15. 5
SWIC4 3mm - - - - - -
ViQi4 4Q24 0.9658 26.00 0.1226 30.4 3. 5
ViQ15 4Q24 0.9658 26.00 0.1226 30.4 3. 5
ViQ16 4Q24 0.9658 26.00 0.1226 30.4 3. 5
viQir 4Q24 0.9658 26.00 0.1226 30.4 3. 5
vs3 4d16 0.6100 16.00 0.0300 500. 15. 5
ViQ18 4Q24 0.9658 26.00 0.1226 30.4 3. 5
hs3 4d16 0.6100 16.00 0.0300 500. 15. 5
ViQ19 4Q24 0.9658 26.00 0.1226 30.4 3. 5
vs6 4d16 0.6100 16.00 0.0300 500. 15. 5




Table 6.3.2: Table 6.3.1 continued

Magnet Type B(kG)/G(kG/in) L ;s (in) I(kA4) R (mw) V (V) P (kW)
V1P2 5D22 4.9859 36.00 0.6760 40.0 27. 18.
SWIC5 3mm - - - - - -
V1Q20 4Q24 0.4829 26.00 0.0613 30.4 1. 1
V1D5 3x18D72 20.1635 75.00 1.2000 45.8 55. 66.
Vi1Q21 4Q24 0.8668 26.00 0.1100 30.4 3. 4
V1Q22 4Q24 1.2184 26.00 0.1546 30.4 4. 7
vs4d 4d16 0.6100 16.00 0.0300 500. 15. .5
hs4 4d16 0.6100 16.00 0.0300 500. 15. .5
IONCH?2 - - - - - -
V1Q23 4Q24 1.4267 26.00 0.1811 30.4 5. 1.
V1Q24 4Q24 1.2184 26.00 0.1546 30.4 4. 7
V1Q25 4Q24 0.8668 26.00 0.1100 30.4 3. 4
V1D6 3x18D72 20.1635 75.00 1.2000 45.8 55. 66.
vsh 4d16 0.6100 16.00 0.0300 500. 15. .5
SWIC6 3mm - - - - - -
V1Q26 4Q24 0.7105 26.00 0.0902 30.4 2. 2
V1Q27 4Q24 0.3104 26.00 0.0394 30.4 1. 1
vs6 4d16 0.6100 16.00 0.0300 500. 15. .5
V1Q28 8Q24 2.5596 28.00 2.0322 21.4 43. 88.
V1Q29 8Q24 2.8110 28.00 2.2549 21.4 48. 109.
SWIC7 3mm - - - - - -
IONCH3 - - - - - -
hs5 4d16 0.6100 16.00 0.0300 500. 15. .5
Total “V1” Line Power 1170.

A list of the necessary beamline elements for the “V1” beamline is given in Table 6.3.1

and Table 6.3.2.

6.3.2. w/u Transport Channel

Quadrupoles V1Q7, V1Q8, V1Q9 and V1Q10 then match the pion emittance to a
regular FODO transport channel composed of V1Q10 through V1Q20. The phase advance
per cell is 90 degrees.

The floor of the 80" Bubble Chamber building is 7 feet below grade, which will put
the plane of the muon ring at or about 2 feet below grade. The necessary 6.9 foot drop
from the AGS plane can be accomplished by inserting a 2.41 degree downward pitching
magnet near V1Q12 and recovering to the horizontal with an upward 2.41 degree pitch near
V1Q20. The 360 degree phase shift between these two vertical deflections will act to remove

any residual vertical momentum dispersion caused by this translation of level. The peak



vertical momentum dispersion between the pitching magnets is only about 0.15" /percent
and leads to virtually no loss of beam.

The beam transport elements will be housed in a combination of a concrete block
house, portable buildings, corrugated steel pipe tunnels, and poured concrete “cellars”.

The latter two are now completed.

6.3.3. 7/u Momentum Spectrometer

Dipoles V1D5 and V1D6, bending 21 degrees each, and the quadrupoles V1Q21-V1Q25
form an adispersive momentum spectrometer. When the pion injection scheme is used,
then V1D1-V1D6 are simply set to pass pions slightly above p, (by about 0.5%) through
to the ring. For direct muon injection, the residual pions in a 2.0% band centered at
3.152 GeV/c are separated from the useable muon band centered 1.8% lower at the magic
momentum p,=3.094 GeV/c.

At this momentum, the pion decay length is 174 m. As a pion beam, the effective length
is from the target to the tangent point at the storage ring, or 122 meters, so the fraction of
pions which survive is 0.496. As a muon forming beam, the effective length is from the pion
selecting slit at 8.7 m to the pion rejection slit at 97.5 m. Thus, the fraction of the original
pions at the target, which decay within this region, is [e=%7/17* — ¢=97:5/174] — (.380.

6.4. Matching Through the Inflector to the Ring

Table 6.4.1: Pion and muon fluxes at the inflector exit.

Particle # per TP on Target Mean Momentum Mean Polarization
mt 1.8 x 107 3.11 4+ 0.32% -
put 7.1 x 10* 3.0944 + 0.43% 0.918 + 0.026

Quadrupoles V1Q26-V1Q29 match the transverse beam emittances to those which will
allow passage through the hole in the back leg of the ring magnet, through the strong ver-
tically focusing storage ring fringing field, the inflector, and into the storage volume. The
requirements for pion and muon injection are very similar, and so these four quadrupoles
will provide enough flexibility. Note that, because the inflector aperture is immersed in the
storage ring but is necessarily substantially smaller than the storage aperture, one cannot

match the incoming beam to the ring’s Twiss parameters without sacrificing intensity.



Figure 6.4.1: The geometry of the inflector exit and the muon storage
region. The storage volume is the 90 mm diameter circle, and the muon
beam enters through the “D” shaped beam channel to the left (larger radius
side) of the storage region. The vacuum chamber and cryostat all have to
fit within the pole piece profile.



This situation is quite different from the conventional storage ring where great care
is taken to match the beamline, which feeds the ring, to the acceptance of the ring. In
the conventional storage ring the beam is kept on orbit by a number of discrete elements
with drift spaces in between. In a drift space it is quite simple to introduce an external
beamline of the same aperture as the storage ring. However, this technique is counter to
the demands of this experiment, viz. that the storage ring field be as uniform a dipole
field as it is possible to produce.

We have gone to great trouble and expense to design and construct a monolithic “C”
magnet, with no gaps in the yoke or pole pieces. The geometry of the inflector exit is
shown in Fig. 6.4.1. A break in the storage ring magnet at the injection point would
destroy the ability to perform the precision measurement for which this ring is designed.
Thus, the conventional approach of phase space matching is not an acceptable solution for
this experiment. Instead, we must take the design as shown in Fig. 6.4.1 and make the
best of it.

As was discussed in Chapter 4, the instantaneous detector counting rates following
muon injection push the limits of detector technology, so the lost beam could not be used
anyway. While it is true that the intensity of stored muons from pion injection is an order
of magnitude lower than with muon injection, because of the pion induced flash it is not
clear that the backgrounds which would be associated with an increase of pion flux would
be manageable, even if more flux were available.

Particle fluxes have been calculated by a Monte Carlo beam tracing program which
uses the empirical Sanford-Wang formula [2] for pion production at the target. The fluxes
obtained at the inflector exit are given in Table 6.4.1, assuming that the beam travels
through vacuum from the production target through the inflector, except for scattering in 6
SWIC /Ion-Chamber units spaced along the pion decay channel and in the superconducting

coil material at each end of the inflector.



6.5. Vernier Steering and Diagnostic Instrumentation

The customary primary proton beam control and monitoring will be required in the
“V” Line and at the “V” target, including the usual radiation monitors in the proton beam
tunnel.

A total of about 11 small (5 mrad) vernier steering magnets will be needed along the
pion/muon line in order to ensure good beam alignment. Three of them will be wanted in
the final matching section, two vertical pitch verniers and one horizontal yaw vernier (in
addition to V1D6), for accurate steering through the inflector and onto the ring tangent.

About 6 SWICs (Segmented Wire Ionization Chambers) will be provided to check beam
profiles and centroids for proper channel matching and for injection matching just before
entry into the ring’s back-leg. Three ionization chambers will be needed for monitoring
the beam intensity, one at V1Q9 just outside the primary shielding, one preceding the final
momentum analyzing slit, and one just before entry into the storage ring. In addition, two
scintillating fiber hodoscopes will be available between V1D6 and the ring to continuously

monitor the low intensity muon beam not detectable by the SWICs.

6.6. Summary

Table 6.6.1: Summary of Beamline Elements in “V” and “V1” Lines

Element “V” Total “V1” Total
Quadrupoles 4 29
Dipoles 2 6
Horizontal Steering 1 5
Vertical Steering 2 6
Pitching Dipole 2
SWIC 1 7
SEC 1 3
Ion Chambers 3

The fast proton bunch extraction, the production target, and the secondary beam
transport line is fairly standard for the AGS. The H10 extraction point will be able to
serve (g-2), RHIC or a neutrino experiment without conflicts. A summary of the beamline

elements needed is given in Table 6.6.1.
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Chapter 7.
The Experimental Hall

Revised March 1994

7.1. Introduction and Overview

The former 80" bubble chamber building will house the muon (g — 2) storage ring. Its
position is ideal for the experiment, allowing either pion or muon injection options. The
high bay is 73’ x 62', which is large enough for the ring which has a 54’ outside diameter.
The floor is constructed in three sections. The central 20’ wide strip is 5’ concrete thickness,
with the two outer sections being 1’ thick. There was concern that the floor might need
to be augmented for stability, however loading and survey studies have been carried out
which indicated sufficient stability. The floor level is 6' below grade, so that the pion/muon
beam will be pitched down to about 3’ below grade. The ground will then provide useful
shielding for radiation. The building includes a 40 ton overhead crane, an adjacent control
room and work areas, and an adjacent compressor room, all of which will be used for the
experiment.

The hall is not large enough to allow for both coil construction and the construction
of the ring. These will therefore be phased. The three coil packages (4 coils total) will be
each wound in the hall, then stored outside adjacent to the hall. To do this, a slot was
built into the south wall of the hall to pass the 14 m diameter coils to and from storage.

Fig. 7.1.1 shows the hall with the (¢ — 2) ring in position. the ring will be placed to
the south end to allow for a 12’ high wall of concrete shielding to protect people in control
room area (6' light concrete equivalent, 335 tons, will be sufficient for this). The building
will be fenced on the other sides to limit access for radiation protection.

The building and control room are now being used by the (g —2) engineering and physi-
cist staff for design, construction, R&D work on the magnet shimming and measurements,

and on the development of the quadrupole and ring vacuum design.
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Figure 7.1.1: A plan view of the beamline and experimental hall.



7.2. Building Foundation Study

The floor of the (g—2) building was loaded on 1 August 1988 to match the ring loading,
with survey measurements of elevation and floor expansion taken each week until 12 April
1989. [1] Fig. 7.2.1 shows the distribution of several of the elevations and Fig. 7.2.2 shows
the distribution of the measurements across the diameter of the storage ring. Accuracy was
estimated by considering the spread of several measurements taken at the same time. We
have observed a 0.010"” maximum fluctuation in elevation and a 0.060” maximum spread
in the diameter.

The elevation tolerance is set by effects on the muon population which would change
the storage volume or the effective field integral seen by the muons, as well as by mechanical
considerations. Tilts of the field are more important for the muon populations than dis-
placements. A tilted field creates a vertical force which must be offset by the much weaker
quadrupole field. For example, a 0.2 mrad radial tilt of the entire ring (0.5 mm relative to
the center) results in a 1 em displacement of the muon population. This would reduce the
effective storage region by 40%. There is a negligible effect on the spin motion and a small
additional uncertainty (0.1 ppm) in the correction for the average orbit circumference in
determining the total field integral seen by the muons. The effect is considerably less if
the tilts are randomly distributed. Thus a +0.5 mm tolerance (40.020") has been adopted
relative to the reference plane. The floor stability, Fig. 7.2.1, is better than this. It is also
planned to monitor tilts with electronic bubble levels and elevations with periodic surveys.

The observed diameter variations have let to a base design which is not tied to the

floor, see Chapter 8 for details.

7.3. Radiation Shielding

Radiation estimates from the ring have been made assuming pion injection (for muon
injection the radiation levels are much less), with 10® pions/fill and three fills per AGS
cycle of 1.2 seconds. Pions (and protons for positive beam injection) are 2% higher momen-
tum than the ring setting, and will hit one or more constrictions in the storage aperture
(quadrupoles, collimators and vacuum tank walls) after about one turn. Most will then
lose energy and spiral to the inside of the ring, ultimately striking one of the 24 electron
calorimeters. Approximately 20% of the pions will have decayed before striking material.
We assume that 107 7/ fill strike each calorimeter. We consider 24 sources of radiation
(the calorimeters) which are partially shielded vertically and radially to the outside of the

ring by the iron return yoke.



Figure 7.2.1: Elevation change for for a 4.5 month period.



Figure 7.2.2: Diameter variations over 14 m for a 4.5 month period.



An empirical formula for estimating side shielding gives about 16 mrem/hr just outside
the iron at the midplane. At the control room area, which is not shielded by the yoke for
radiation from across the ring, we estimate 0.4 mrem/hr just outside 6’ of light concrete.

It is important to realize that the weight of the shielding will affect the floor settling.
It will be intolerable to adjust the shielding empirically since a year of careful shimming
will have preceded the first beam. A 6’ thick wall represents a very conservative plan,
compared to the AGS experience in the C1 line for example. Muon injection would require
no shielding.

The other three sides of the (g — 2) building will be fenced at an appropriate distance.

7.4. Refrigerator Building

The R&D refrigerator has been moved to a concrete pad on the east side of the (g —2)

building, housed in existing temporary buildings.

7.5. Ring Thermal Enclosure

The ring iron must be held at a constant temperature, to within £1°C. We plan
an inner thermal box of height 10’ above the floor. Removable insulated panels will be
installed on an aluminum frame which will span the width of the (g —2) building. Sides will
include three building walls and a wall on the control room side. Access from the control
room, which is about 6’ above the experimental floor, will be from a platform above the
ring, with a stairs into the ring center. Sketches of the plan are shown in Fig. 7.5.1. We
plan to build the thermal enclosure with a heating/cooling system after the first pion

injection run in 1996.



Figure 7.5.1: The thermal enclosure.
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8.2. Magnetic Design and Field Calculations
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8.2.2. Computer Aided Refined Pole Designs
























8.3. Design Considerations

8.3.1. Yoke

8.3.2. Coil Design
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8.3.3. Cryostat
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8.4.2. Steel Composition

8.4.3. Critical Machining



8.4.4. Pole Pieces
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8.4.6. Magnet Yoke Assembly and Alignment



8.4.7. Final Alignment and Installation of Reference Plates

8.5. Coil Assemblies
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8.5.2.1. Design Criteria
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8.5.2.3. Inner Mandrel

8.5.2.4. Mandrel Fabrication

8.5.3. Coil Cooling



8.5.4. Colil Insulation

8.5.4.1. Turn-to-Turn Insulation

8.5.4.2. Ground Plane Insulation

8.5.4.3. Ground Plane Epoxy






8.5.5. Coil Winding Process






8.5.6. Cure Operation

8.5.7. Coil Stack Modulus and Shimming



8.6. Cryostats

8.6.1. Vacuum Chamber and Insulating Vacuum



8.6.2. Coil Location

8.6.2.1. Coil Suspension



8.6.2.2. Coil Positioning









8.6.3. Thermal Insulation

8.6.3.1. Heat Shields

8.6.3.2. Superinsulation

8.6.4. Plumbing and Power Leads

8.6.4.1. Coil Assembly Cooling



8.6.4.2. Electrical Leads

8.6.5. Attachment to Yoke

8.7. Controls and Instrumentation



8.8. Tooling

8.8.1. Coil Winding Machine
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8.8.1.2. Conductor Feed Device



8.8.1.3. Conductor Feed Device Layout

8.8.1.4. Caterpillar Drive Unit

8.8.1.5. Insulation Wrapping Mechanism















8.8.1.6. Insulation Test Stand

8.8.1.7. Conductor Guides A, B, and C

8.8.1.8. Transfer Plate, Hold Down Roller and Vertical Support












8.8.1.9. Feeding Table

8.8.1.10. Control, Instrumentation and Calibration









8.8.1.11. Coil Winding Procedure (Overview)



8.8.1.12. Winding






8.8.2. Conductor Cleaning Station

8.8.3. Mandrel Weld Fixture
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9.3. Two Phase Helium Cooling

9.4. The Refrigerator and Control



9.5. Cryogen Delivery and Control

9.6. Three Cooling Circuits



9.7. Gas Cooled Electrical Leads
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Table 9.9.1: The (g — 2) Magnet Parameters

9.9. Quench Analysis

The quench analysis is given in (g — 2) Note No. 159. [1] and is briefly reviewed here.
The magnet parameters relevant for the quench analysis are given in Table 9.9.1. The
conductor parameters are given in Table 9.9.2. An important consideration is the cold
aluminium mandrel which supports the conductors (see Fig. 9.9.1). A changing magnetic
flux enclosed by the mandrels generates an emf which induces current to flow within the
mandrel such that it opposes the change in magnetic flux. If the flux changes rapidly
enough, the energy dissipated by the eddy currents in the mandrel will drive the entire



Table 9.9.2: The (g — 2) Magnet Superconductor



Figure 9.9.1: Quench Protection System



coil normal. This is called “quench-back”. Quench-back is desirable if a quench should de-
velop. Since the entire coil goes normal, the heat is dissipated over the whole coil/mandrel
assembly. Thus temperature differences are minimized.

The design goals are to cause quench-back quickly once a quench is detected, but to
maximize the time constant with which the energy is extracted. The latter requirement
is to minimize eddy currents in the iron. These are conflicting requirements. The quench
analysis has resulted in a design which gives an acceptable solution for both of these
requirements.

The eddy currents generated in the iron [2] create a magnetic field which effectively
remains confined to the iron. Therefore, in some places it opposes the main magnetic field,
and in other places it reinforces it. It is the latter case that causes a potential problem,
since the enhanced magnetic field will put the iron in a new position on the B vs H curve.
We can get an estimate of the size of the above effect from the CERN experience. After a
power breakdown, the magnetic field changed by 55 ppm when the magnet was turned on
again. [3]

However, when a turn-on cycling procedure was used [4], the magnetic field was
reproducible at the 1.4 ppm level. The L/R time constantfor the CERN magnet was
7 = (0.3H/0.1Q) = 3s. During the cycling procedure, the magnet was ramped to 110%
of full current in 100 seconds, and then ramped down in 100 seconds. This was repeated
three times. Finally, the current was slowly cycled above and below the set point.

We have chosen a quench protection resistor with a resistance of 0.01{} based on the
above considerations. A schematic of the electrical circuit is shown in Fig. 9.9.1. The
current will then decay with a time constant of about 29 seconds. The current and energy
ratios as a function of time after quench are shown in Fig. 9.9.2. This time constant is
about ten times longer than the CERN value. Therefore the eddy currents in the iron
should be about ten times smaller. The effects on the reproducibility of the magnetic field
should be acceptable based on the CERN experience. Calculations of the effects of the
iron eddy currents with the magnetic field analysis program OPERA are proceeding. We
have allotted time for quench-back and field reproducibility studies during the magnetic
field shimming process (see Chapter 21). If power is lost, the current will decay with a

time constant [5] of about 800 sec. The maximum voltage developed during the quench is:

dB 1.5T
Vi g = (48) (25m°) o
The insulation has been tested to over 1 KV.

As can be seen in Fig. 9.9.2, over 60% of the magnet stored energy will be dissipated

=62V

by the 0.01€ resistor. The 29 second time constant dominates over the other quench time
constants (see Table 9.9.3). The hot spot temperature will be less than 100°K. The criteria



Figure 9.9.2: Current and Energy Ratios During a Quench



Table 9.9.3: Time Constants



is that the hot spot temperature remain less than 300°K. Quench-back will occur in less

than 2 seconds. This makes every quench effectively identical.
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Chapter 10.
The Superconducting Inflector

Revised March 1994

10.1. Introduction

The inflection of a particle beam into a storage ring is usually done with a pulsed
magnetic inflector, which locally cancels the field of the main magnet, so that the beam
enters the storage region as close as possible, and almost tangent to the equilibrium orbit
of the ring. Further manipulation of the beam with a full aperture kicker would assure the
permanent acceptance or storage of the inflected beam. A problem with a pulsed inflector
is the persistence of the magnetic stray fields. In the third CERN (g — 2) experiment, a
coaxial structure pulsed inflector was used. The skin depth of the copper determines the
initial magnitude of the pulse which propagates as a wave away from the device. In the
storage region, the fringe field from the pulsed inflector is several hundred gauss at 1 ps
and decreases to about 20 gauss at 600 ps, the time when data collection ends.

Fig. 10.1.1 shows the cross section of the CERN device, and Fig. 10.1.2 shows the time
dependent fringe field pattern.

In the present experiment (E821), the injected beam is pulsed up to 12 bunches per
AGS cycle (It may be changed to 8 bunches). The AGS cycle is from 1.4 seconds to 3
seconds depending on the extraction mode used for sharing protons between E821 and the
rest of the physics program. Ideally, when the experiment is ready to collect data, all 12
(or 8) bunches in the AGS would be used, with as short a cycle time as possible. The major
difficulty in using a variation of a CERN pulsed design is that CERN’s device was pulsed
only once per CERN PS cycle (2.3 seconds); E821 would require up to 12 (or 8) times per
AGS cycle. Extensive studies on a pulsed inflector for E821 were carried out, including
material heating-stress, solid state switches and ignitrons [1]. The study concluded that a
pulsed inflector for E821 would be very difficult to accomplish.

A direct current non-ferrous superconducting septum magnet may overcome the above
problems. It will be shown that current distributions and their combinations can be
used to reduce the fringe field. The integrated fringe field will be dominated by the end

of the septum near the storage area, but it allows at least static shimming and precise
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Figure 10.1.1: The CERN Inflector

measurement of the numerical correction to be applied. Since the cross section of the
inflector is constrained by the limited space between the muon storage region and the
superconducting coils of the storage ring magnet, it is impossible to make the field near zero
everywhere along the injection trajectory. An optimum path has been selected to minimize
the amount of inflector aperture used up by this curvature in a straight channel[2].

The requirements of the DC (g — 2) inflector are: (1) to produce a homogeneous dipole
magnetic field 1.5 T over the length of 1.7 m, in order to essentially cancel the integrated
fringe field of the storage ring; (2) to keep its own stray field low enough and acceptable
for the magnetostatic shimming.

The conceptual design of the inflector was completed by Boston University; detailed
design and construction have been carried out by Boston, BNL, and Japan KEK.



Figure 10.1.2: The Time Dependent Fringe Field From the CERN Inflec-

tor

10.2. Design Principle

10.2.1. Double Cosine Theta Distribution

The Magnetic configuration for the device is developed from the well known cosine
theta distribution of surface current, where in cylindrical coordinates at a certain radius

R, a surface current K is applied, which is modulated according to
K = K cos (N6) (10.2.1)

K is the amplitude of the distribution of dimension A/m, 6 is the polar angle and N is
an integer. N = 1 creates a pure dipole field inside the circle of radius R, N = 2 creates
a pure quadrupole, and so on. Since K does not depend on the axial coordinate, the

magnetic field is two-dimensional, so that one can introduce profitably complex potentials



which depend on the variable z = x + iy. For instance, the vector potential A hasa single

component A(x,y) pointing in the axial direction. Thus we would write for N = 1:
A= (,LOKR/z) (x/R) = — (,uof(R/2) R.(z/R) 2| < R(10.2.2)
4 = — (u,KR/2) (xR) / (* +9*) = — (wKR/2) R (R/z) |2 > R(10.23)
The complex potential of this system would be:
¢ = At _@int = (,L(,KR/z) (z/R) 2| < R (10.2.4)

¢t gent _igent — _ (,LOKR/z) (R/2) 2| > R (10.2.5)

where the imaginary part of ¢, G, is the current related potential. Magnetic flux lines follow
lines of constant A, which close upon themselves, whereas lines of constant G, which are
orthogonal to those of A, provide the direction of the force on axial current elements. Lines
of constant G are discontinuous on current boundaries in magnitude and direction and are
most useful to lump in optimal fashion a distribution of surface currents into a distribution

of line currents, making thereby the device physically realizable.

10.2.2. Truncation

One may modify the shape of the useful volume if a circle (or ellipse) on which the
surface current is projected, does not satisfy the geometrical requirements. Charged par-
ticle beams may require a channel which is narrow but quite high. In this case one uses
only part of the field plot associated with the cos 8 distribution, i.e., the field is truncated.
The truncation is invariably along a line of constant A. On this line can be projected a
surface distribution of current, which nullifies the field on the outside but leaves unaltered

the field on the inside. The boundary condition in this case would be:
iix B"™ = —pu,K (10.2.6)

7 is the outward unit vector normal to the truncation, Bi™ is the flux density on the inside
of the truncation and K is the surface current density on the truncation.

Fig. 10.2.1(a) shows the principle for a dipole septum (upper half). The cosine theta
distribution is now limited to the circle segment 1. The truncation consists of a straight
line segment 2, the septum, on which the current density is K/2, or half the amplitude of
the cosine distribution on segment 1. The septum boundary is closed by the circle segment
3, on which the surface current density equals |B|/p,. The useful dipole field is contained

in the area between 1 and 2, the dead space (for return flux) is between 1 and 3, and the



Figure 10.2.1: The Principle of the Truncated Double Cosine Theta Sep-
tum Magnet



area outside 2 and 3 is field free. The total current in 1 is opposite and equal to the sum
of the currents on 2 and 3.

The truncated DOUBLE cosine theta septum has the purpose to reduce drastically the
dead space encountered in a single cosine theta distribution. To this end we consider the
magnetic field produced by two concentric cosine theta distributions, (K, R) and (K', R,

creating three regions where the potential differs:

C=— (,uof(R/2) (z/R) — (,u()f{’R’ /2) (z/R)  |s|<R (10.2.7)
(y=— (,LOKR/z) (R/z) — (,L(,K'R' /2) (z/R) R<|z/<R  (10.2.8)
(3= — (,LOKR/2) (R/z) — (,L(,K'R' /2) (R/)z)  |z| >R (10.2.9)

It is noticed that under circumstances {; may be made zero, creating a field free region
inside R. Likewise one may find the condition for which (3 is zero, creating a field free
region outside R'. Useful as this may be for certain applications, the objective here is
to reduce the overall size of the dipole septum. In the case of Fig. 10.2.1(a), we have
the relation pg — R?> = 0, in which p is the distance from origin to septum, measured on
the x-axis, and q is the distance from origin to boundary 3, also measured on the x-axis.
Clearly, g can be quite large, dependent on the aspect ratio of the useful dipole region. But
the double cosine theta distribution allows one to squeeze the return flux at will, albeit
at the expense of more ampere turns for the same useful dipole strength. Fig. 10.2.1(b)
shows an example, scaled to give the same useful dipole region as shown in Fig. 10.2.1(a),
but a second virtual cosine theta distribution K’ = K’ cos 8 is applied on circle 4 of radius
R > R . The dipole area has the boundary 5 and 6 and the area outside 6 and 7 is field
free. The generating currents on 4 are virtual, since they are not physically present in the
device. However 7 is uniquely determined by specifying K’ in addition to K, R and p.

Since boundary 7 follows a line of constant A, its value equals the potential of septum 6:

Ag = A7, or:

A =R (¢1),_, = —%,uop (K +£) (10.2.10)
A7 =R.(6) = - (%MOKRZ) x/ (x* +y*) - (%MOK’) x (10.2.11)
KR/ (< +y%) + K'x= (K + R') p (10.2.12)
KRY/q+ K'qg= (K v f(’) p (10.2.13)

Eq. (10.2.12) is the equation for boundary 7 and Eq. (10.2.13) is the equation for the
end point gq. The parameters leading to the construction of Fig. 10.2.1(a) and Fig. 10.2.1(b)

are shown in Table 10.3.1, in relative units.



It is noticed that the squeezing of the return flux by a factor of 2 in Fig. 10.2.1(b),
reduced the dipole field by 10%. The equation for boundary 7 reads:

y? = 10x/ (x +3) — x° (10.2.14)
Fig. K K' R p q B(dipole)
1 1 0 1 1/3 3 1
2 1 -0.1 1 1/3 2 0.9

Table 10.2.1: Relative Parameters of Fig. 10.2.1(a) and (b)

10.2.3. Line Currents

Assuming that the superconductors have a relatively small superconducting core, em-
bedded in a much larger stabilizing matrix, the continuous surface current must be con-
centrated in what one could call a distribution of line currents. It will be shown how to
determine the optimum location of each line current, and how to study the effect of the
granularity on the quality of the dipole field, i.e., the amount of stray field adjacent to the
septum.

The method consists of constructing an arithmetical series of the complex potential.
The real part is constant and equals the value of A on the current boundary. The imaginary
part of the series has a progression proportional to the current in the wire: G,11 — G; =
+uol. Since G = 0 in the median plane, y = 0, the first G in the series would be G; = 0 for
an odd number of turns and G| = I /2 if the number of turns is even. Having established
the series of ¢, one may solve for z. Fig. 10.2.1(c) shows an example. The cosine theta
distribution segment 8 can be made discrete if the conductor density vs. y is constant, by
virtue of the cosine law. One should preferably select an even number of layers, since the
number of conductors on the septum 9 is somewhat less than half the number on 8. This
ensures a reasonable and uniform packing density on the septum, where the conductors

must be evenly spaced according to the relation
C = —p (R +K')2/2 (10.2.15)

The equation for ¢, applies to boundary 10. As this equation can be solved for z, and the

discrete series of €5 is known, the position of the conductors is:

= {-C+ (c; - ,uzf(f(’Rz) %}/ (,uK) (10.2.16)



Figure 10.2.2: The Conductor Arrangement

The second root in the solution is due to the analytical continuation of G5 and As.

Fig. 10.2.1(c) shows that near the intersect of boundary 8, 9 and 10, physical inter-
ference of some conductors could occur. These conductors must be deleted in a pairwise
fashion as shown in Fig. 10.2.2. In the present example the cosine theta distribution lost
one turn, so that the return conductors on the septum and the closing boundary should

be reduced by one turn. In this case an enhancement of the stray field and impurity of



the harmonic content of the dipole field may occur. Small perturbations of the position of
adjacent conductors will reduce either enhancement.

Fig. 10.2.2 is the first version of the inflector. The parameters for this version are
shown in Table 10.3.2, and the harmonic contents are shown in Table 10.3.3, which were

calculated using an algorithm developed at Boston University[3].

Table 10.2.2: Preliminary Parameters of (g — 2) Inflector.

R =50 mm Number Turns = 50 B Dipole = 1.5 T

p=15mm Number Cosine Wires I = 50 I/Wire = 5200A

q = 93 mm Number Septum Wires I = 22 J= 550 A/mm?

h = 61 mm Number Rear Wires 111 = 28 Channel = 18x 45 mm
K,=2400 A/mm Ky' = —360 A/mm

Table 10.2.3: Harmonic Expansion of the Inflector Field.

(2) (b) (0
Center of Center of Center of
Order of Pion Channel Muon Channel Pion Channel
Multipole x =30 mm,y =0 x =-45mm,y =0 x =30 mm,y =0
R=12.5 mm R=50 mm R=80 mm
N Nay /R(gauss) Nay /R(gauss) Ey(A/m)
1 -15064 1.1 0.5657E-02
2 -7.6 5.1 0.1092E-02
3 -0.5 6.7 -0.8858E-03
4 1.2 5.2 0.5153E-03
5 -0.1 2.2 0.5031E-02
6 -0.3 -0.6 -0.1320E-02
7 0.6 -2.1 -0.2269E-02
8 -1.3 -2.3 0.1154E-02




10.3. Physical Realization

After August 1989, a new (g — 2) inflector was designed in order to accommodate an
existing superconductor, to be supplied by Japan KEK. This conductor has been fully de-
veloped for the ASTROMAG (Particle Astrophysics Magnet Facility) project and therefore

has no development cost.

10.3.1. The Conductor

The KEK aluminum stabilized superconductor consists of multi-filament; there are
3050 NbTi/Cu filaments in the core. The basic parameters are listed in Table 4.

To investigate the detailed electric and magnetic properties of the conductor, short
sample measurements were taken at the BNL Accelerator Development Department. We
thank Bill Sampson for that. Fig. 10.3.1 shows the test result. In the upper right corner,
B, stands for the applied magnetic field in the test dipole magnet; B, stands for the peak
field, in which the self field is taken into account; and I. is the critical current at the peak
field. The result is scaled to the temperature of 4.224 K.

10.3.2. Field Calculation

Together with the insulation and the fiber glass tape, the apparent sectional area will
be 2.3 x 3.3mm?. Due to the improved granularity, the field quality inside the channel will
be almost perfect and the stray field almost absent. This allows one to delete two pairs of
conductors, and to relocate some conductors so that the bending radius around the ends
of the inflector would be increased. The revised distribution is shown in Fig. 10.3.2. There
are 88 turns; the operating current is 2850 A. The channel width is 1.8 cm and the height
is 5.6 cm. The flux plot and the harmonic components are shown in Fig. 10.3.3.

If the storage ring magnetic field is superimposed, fields are eliminated inside of the
device channel, and enhanced in the return flux region. By considering the self-field effect
(2.5 gauss per ampere), some particular portions of the superconductor windings have to
stand peak fields up to 3.5 tesla.



Figure 10.3.1: Short Sample Tests of the Conductor



Figure 10.3.2: The Revised Conductor Distribution



Figure 10.3.3: Flux Plot and Harmonic Content



10.3.3. Magnetic Force

According to the 2D calculations, the components of the force per unit length, F}k ,
on wire k due to the field produced by wire j, may be shown[4]:

(Fo)y = (Fi), i#k (10.3.1)
J
and
(B, =) (Fix),  i#k (10.3.2)
j
where the superscript ¢ stands for “internal”, and later on, e for “external”.
If the wire system is immersed in an external magnetic field, the forces on the wires

contain the additional terms:
(Fy), = —IkBy, (Fi), = IiB; (10.3.3)

where the components of B¢ are to be evaluated at the location z;,y;.

Either (F})' or (F})¢ are transmitted to the supporting body on which the conductors
are positioned, but whereas 3 (F})’ = 0, there can be a residual 3 (F})¢ and a torque M,
if the external field is not uniform.

Based on the two dimensional calculation, Fig. 10.3.4(a) and Fig. 10.3.5(b) show the
magnitude and the direction of forces on each conductor, in the cases of without and with
the storage ring field, respectively. The magnitude of the forces is of the order of several
thousand newton per linear meter.

In reality, the inflector is a three dimensional device. One end is located in the ho-
mogeneous storage ring magnetic field and the other end is located in the storage ring
fringe field; therefore the external field is not uniform. Three dimensional forces have been

calculated, and the total residual forces are shown in Fig. 10.3.6.



Figure 10.3.4: (a) Forces on the Conductors - No Storage Ring Field



Figure 10.3.5: (b) Forces on the Conductor - With Storage Ring Field



Figure 10.3.6: Residual Forces



10.3.4. The Critical Surface

The critical current density, critical temperature and critical field are related to each
other by the critical surface in BJ# space, which is characteristic of the material in use. Su-
perconductivity prevails everywhere below this surface with normal resistivity everywhere
above it. Fig. 10.3.1 actually shows the profile of the critical surface at the temperature
of 4.224 K. The critical current at this temperature is 4350 A.

Two phase helium cooling option has been chosen for the superconducting inflector.
The operating temperature is 4.6 K. Critical currents at different temperatures are calcu-

lated [5] as following:

I. =3890A at 8 =4.6K and B = 3.5T
I. = 3000A at 8 =5.5K and B = 3.5T
The inflector will be operating around 73% of the full load.

10.3.5. The Configuration of the Inflector Ends

The fringe field of the inflector is dominated by two ends. By measuring the fringe
field of a room temperature wire model, it became clear that to close the downstream end
would reduce the fringe field by a factor of 6 (integrated dipole component). From an
engineering point of view, if both ends are closed, it will be much securer for force support
and quench prevention (Table 10.3.1). In this case, incoming particles (pions or muons)
must penetrate superconductor layers. Table 10.3.2 lists the calculation results of muon
storage ratio for all three options. It shows that if one leaves the upstream end open, the
experiment running time would not have a significant reduction; therefore, closing both

ends is the best choice.

10.3.6. Engineering Design and Construction

The detail engineering design was completed by KEK. The inflector body consists of
three parts (Fig. 10.3.7):

a)inner coil (one winding on the aluminum mandrel);

b)outer coil (two windings on the aluminum mandrel);

c)housing jacket (aluminum) with two liquid helium tubes.

The inner and outer coil will be wound separately; the housing jacket will be shrink-
fitted and constrain the two mandrels firmly. The end loops will be confined by end caps
(Fig. 10.3.8). The whole assembly will be epoxy impregnated and cured, becoming one
integrated solid.



Table 10.3.1: Summary of the meeting with A. Yamamoto on July 29,
1991 to discuss the inflector design and development.

A liquid nitrogen heat shielding is proposed by KEK. Fig. 10.3.9 shows the upstream

case: two squared nitrogen tubes are attached on the shield plate, which surround the
inflector assembly.

Several test windings have been done at KEK. A superconducting prototype with short-
ened length (0.5 meter long) has been constructed and tested in KEK (March 1993) and



Table 10.3.2: Muon Storage Comparison for Open and Closed Inflector
Ends



Figure 10.3.7: The KEK Inflector Body



Figure 10.3.8: The Inflector End Loops



Figure 10.3.9: KEK Design with Heat Shield



in BNL (March 1994), with and without the external field, respectively. The construction
of the full length superconducting inflector will be completed by the end of 1994.

10.3.7. Cryostat and Beam Chamber Complex

10.3.7.1. The Location of the Inflector in the Storage Ring

Fig. 10.3.10 shows the location and the orientation of the inflector in the storage ring
magnet. The injection beam line is 1.25 degree from the tangential reference line. The
inflector is aligned along this tangential reference line and its downstream end is positioned

at the injection point which is 12.35 degree west from of southerly axis of the building.

10.3.7.2. Integrated Inflector Cryostat and Beam Chamber

Due to the limited space, the inflector cryostat is being designed together with one of
the beam vacuum chamber section of the storage ring to form an integral structure but with
two different vacuum zones. It is an aluminum structure sealed with aluminum welding
for vacuum integrity. Viton O-rings will be used in the flange area. Vacuum quality better
than 10~° torr will be achieved for cryogenic insulation.

Fig. 10.3.11 shows the integrated structure of the inflector cryostat and beam chamber.
The shaded area is the 1.7 meter long inflector body. The injection point is 76 mm outside
the tangent point of the muon orbit and tangential reference line.

A beam window in the upstream end is designed for injection beam to come in. Another
beam window in the downstream end is designed for the inflected beam to enter into the
storage region. These windows will be made of 1 mm aluminum plate to let most of the
muons pass through. The inflector is supported in the two ends with accessing flanges for
installation and adjustment. A penetration hole in the upstream end through the outer
coil and the yoke, is designed for the beam pipe to bring the beam in. Another penetration
hole in the downstream end is designed for the connection of power leads and cryogenic

tubes.



Figure 10.3.10: Inflector Location



Figure 10.3.11: Inflector/Beam Vacuum Chamber



10.3.7.3. Cryostat in the Downstream (Injection Point)

Fig. 10.3.12 shows the cross section view of the inflector in the downstream end where
the inflector is very close to the storage region. To overcome the space limitation, the
partition wall (shown in Fig. 10.3.13) which is 0.5 inch thick at the top and the bottom,
is designed with a thin wall near the mid-plane, to serve following functions:

a) to separate vacuum zones between the inflector and the beam chamber;

b) to keep structure integrity under vacuum condition even when only one side is in
vacuum; c) to provide at least 7 mm space between the inflector and the partition wall,
because the inflector will be operated in 4.6 K, space is needed for thermal insulation;

d) to keep a minimum clear space of 48 mm radius for muon storage region in the
injection point area.

The top or bottom plate (0.5 inch thick) has a 5 mm undercut to make enough room
for thermal insulation. The thickness of the two outside vertical plates is 0.75 inch. Under
vacuum condition the deflection of the top or bottom plate is about 0.5 mm, which is

acceptable.

10.3.7.4. Cryostat in the Upstream

Fig. 10.3.14 shows the cross section view of the inflector in the upstream where the end
of the inflector cut into the outer cryostat. In order to make room for inflector steering
and thermal insulation, a concave wall has been designed in the outer cryostat and a 45

degree chamfer was cut in the coil cover.

10.3.7.5. Inflector Support and Steering Adjustment

The two supports of the inflector have been designed to provide steering and shift-
ing capability for injection beam adjustment. The downstream end support (shown in
Fig. 10.3.15) is designed as a pivot to keep the end of inflector in the injection point. The
upstream end support (shown in Fig. 10.3.16) is designed as a slide with a motion feed
through. The slide is to compensate the shrinkage of the inflector when it is cooled down.
The motion feed through is to provide +/ — 4 mrd steering adjustment for the injection
beam without losing vacuum. The two supports can shift the inflector toward upstream

end, up to 1.5 inch.



Figure 10.3.12: The Downstream End of the Inflector



Figure 10.3.13: Inflector Partition Wall



Figure 10.3.14: Upstream End of the Inflector



Figure 10.3.15: Downstream End Support



Figure 10.3.16: Upstream End Support



10.3.7.6. Beam Divergence and Downstream End Window

Fig. 10.3.17 shows the gradually increased width of the exit beam from the inflector.
Due to the beam divergence and the range of the steering angle, a beam window will be

designed to fit into a tapered partition wall without interfering with the beam.

10.3.7.7. Penetration through the Outer Coil and the Yoke

Fig. 10.3.18 shows the beam line penetration through the outer coil and the yoke. A
slot will be cut in the back leg of the yoke. A beam tube will slide through the yoke
and the outer coil to bring the beam into the inflector. In the downstream end, another
penetration tube will be designed to support and guide the lead conductors and cryogenic
tubes to a lead pot in the back of the yoke. The locations of these two penetration holes

have been carefully positioned to pass through the space between tension bolts.
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Figure 10.3.17: Beam Divergence and Window



Figure 10.3.18: The Penetration Through the Coil and Yoke



Chapter 11.
The Electrostatic Quadrupoles

Revised February 1995

11.1. Introduction

For a muon focusing field index (see section 2 of chapter 5) of n = 0.139 the required
theoretical voltage on the electric quadrupoles is 10.63 kV/f where f is the fraction of
the (g — 2) ring occupied by the quadrupole. With an azimuthal coverage of 39° in each

quadrant

39° x 4

= 3600
(see Fig. 11.1.1), the required voltage on the electrodes is £24.5 kV. A POISSON calcula-
tion with the actual flat electrode geometry (see section 2 of this chapter) gives +23.6 kV.

= 0.43 (11.1.1)

Two adjacent vacuum tanks will share unequally 1/4 of the total electrostatic quadrupoles.
The four fold symmetry of the quadrupole position in the (¢ — 2) ring eliminates certain
groups of resonances. [1]

The quadrupoles will be fabricated in modules each 13° in azimuth, approximately
1.6 m in length. One tank will be filled with 2 modules, 26° (3.22 m) long electrostatic
quadrupoles and the next one will contain 1 module 13° = 1.6 m long. This assures that
every electrostatic segment will be completely contained in one vacuum tank leaving the
transition piece (bellows) free. Every tank will be an independent unit, i.e. it will have its

own set of four feedthroughs, one support cage, etc.
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Figure 11.1.1: The (g — 2) ring (view from top) and the quadrupole
locations.



11.2. The Quadrupole Structure

The dimensions of the plates, cage, insulators etc. are shown in Fig. 11.2.1. S. Mane
studied the flat electrodes and found that they “almost yield a pure quadrupole poten-
tial” [2-3], which makes them appropriate to use in theexperiment. The material is alu-
minum and care will be taken so that no sharp metal points will be at high electric field
regions. The diameter of the tubes at the end of the plates will be 3 mm and the total
width of the plates 4.7 cm. The distance between the plates will be 10 cm as shown in
Fig. 11.2.1. Special care will be taken so that no impurities with high magnetic susceptibil-
ity are present in the insulators. The material used thus far is MACOR which passed the
magnetic susceptibility tests by Kim Woodle (the Susceptibility Sherif). The side plates
require 3 support insulators each, in order to assure proper alignment and secure fastening.
The diameter of the horizontal insulators used in the tests was 0.75 inches, but it will be
reduced to half of this. This will reduce the absorption of the pions which enter the (g —2)
ring. [4] Each quadrupole segment will be powered from feedthroughs upstream in the
vacuum chamber.

The feeding leads shown in Fig. 11.2.2 will be of aluminum tubing; care will be taken
so that the minimum distance everywhere between the leads is 4 cm. The geometry of the
feeding leads is such that the trapped electrons are driven out of the quadrupole region and
discarded. [5] The feedthroughs can nominally withstand 30 kV DC electrical potential,
so that DC tests and measurements are possible.

The positioning of the vacuum tank relative to the magnet yoke will be accurate to
1 mm. [6] Inside the vacuum chamber there willbe marks for the proper position of the cage
that holds the electrostatic quadrupoles. The assembly of the cage with the electrostatic
quadrupole plates will be done outside the vacuum tank. The tolerances on the plates and
the stand off insulators are 0.5 to 0.75 mm. The positioning of the cage in the tank will be
done outside the (g — 2) ring. There will be set screws which will allow fine adjustments
to the cage position relative to the vacuum tank. The overall position of the electrostatic

quadrupoles should be accurate to 1 mm relative to the center of the muon storage region.



Figure 11.2.1: Cross section of a quadrupole with its housing cage. The
rails are used for the transport of the beam tube trolley and E-field quality.



Figure 11.2.2: Quadrupole feeding leads. The high voltage lead geometry
is such that it releases the low energy trapped electrons. [6]



11.3. High Voltage

The high voltage will be approximately 25 kV and pulsed. It needs to be on for about
12 muon lifetimes (i.e. for about 800us) after pion/muon injection in the ring. This will
help to minimize the effect of the electron trapping and avoid breakdown. [5,7] The high
voltage on some electrodes [8] will come up to full voltage after the beam is stored in order
to displace the muon beam for scraping. The proposed electrical connections are shown in
Fig. 11.3.1. The thyratron switches [9] have been tested and performed adequately. The
voltage must be stable and known to 2%. [10]

The total capacitance of each long electrostatic quadrupole contained in one vacuum
tank is of the order of 1 nF and 0.5 nF of the short ones. We plan to use high voltage

storage capacitors of 75 nF.

11.3.1. Quadrupole Control Electronics

The four quadrupole high voltage pulsers are on the floor, more or less in the center of
the ring. This is necessary to minimize the capacitance of the high voltage cables going to
the vacuum chamber. Four electronics racks will be necessary. The start and stop pulses
will be generated with “GG200” type NIM modules. We require a prefill and fill pulse
from the AGS. The prefill pulse should come 100 — 200 us before the fill (switch S1 in
Fig. 11.3.1 will be triggered by it). The time jitter should be less than about 10 us. The
fill pulse should come with a well defined time relationship with the beam (switch S2 will
use this). The time jitter should be less than 30 ns. We also require a signal from the
vacuum system if the muon chamber pressure rises above a preset level. This will inhibit
pulsing the quadrupoles until the vacuum has recovered.

Each quadrupole high voltage pulser will have a voltage divider for monitoring the
actual high voltage waveform. This will go to an oscilloscope, and an ADC. The ADC will
be read out by the host computer. If any of the four signals are not correct (presumably
due to a high voltage discharge), this will be recorded in the data-stream (perhaps the

entire fill will be rejected), and the host computer will issue a warning message.



Figure 11.3.1: Electrical connections for the pulsed high voltage on the
quadrupoles. The final timing will be determined by the beam dynamics
team.



11.4. R & D Tests

The charge accumulation in the quadrupole region during the high voltage pulse is a
consequence of the mixing of the electric field, due to the quadrupoles, and the magnetic
field, due to the main magnet. It turns out that it is more severe when negative muons are
stored in the ring, [5,7] and therefore we setup a system where we performed tests in order
to establish the requirements and limits for various parameters (i.e. residual gas pressure,

pulse duration, smoothness of the quadrupole plates, durability, etc.).

11.4.1. Negative Muon Polarity Test

First we tested the negative muon polarity with a pressure in the tank of 5x 107 Torr
at the quadrupole position. [5] The pulse duration was 3 ms which is more than three
times needed. The applied voltage was +19 kV to the side plates, and —27.7 kV to the
top and bottom ones. In the last test the distributed ion pumps (DIP) were operating
next to the quadrupole plates providing also a convenient way to read the pressure at the
quadrupole site. The magnetic field was always about 1.5 T.

The voltage was pulsed at 1 Hz for more than a day continuously and a more than
100 thousand pulses were accumulated without a single spark. Afterwards we let air
in the vacuum chamber keeping everything else the same. The first spark appeared at
2.5 x 1075 Torr pressure.

We have also applied DC high voltage to the system and the following were limiting
values (i.e. the pressure was moving up after a certain point):

-11 kV, +10.5 kV

-19kV, 0 kV

0 kV, +12.5 kV
each raw representing a separate test. On the left is the voltage applied to the top and bot-
tom plates and on the right that applied to the side ones. The DC voltage in this polarity
is limited by the fact that some of the trapped electrons hit the insulators which support
the side electrodes and cause secondary emissions. However, the “venting” mechanism is

very efficient in preventing critical space charge accumulation and sparking.



11.4.2. Positive Muon Polarity Test

Again the pressure was 5 x 10~" Torr, and the pulse duration 3 ms. The applied high
voltage was +19 kV to the top and bottom plates, and —27.3 kV to the side ones and
many pulses were collected with no breakdowns. The limiting pressure was found to be
1.4 x 10~* Torr (Townsend Limit), by bleeding outside air into the vacuum chamber.

We have also applied DC high voltage of £20 kV limited only by the rating of the scope
probes and not the plates. The pressure was moving down when the DC high voltage was
on which means that the release of the trapped electrons is complete in this polarity. In

this polarity the trapped electrons do not encounter any insulators before they are released.

11.4.3. DC High Voltage and Its Applications

We were able to see the resonant frequencies of the trapped electrons when DC high
voltage was applied to the plates in the negative muon polarity configuration. [5] The

frequency of the trapped electrons depends only on the electric field that exists between

eV 1/2 ek 1/2
w = (medz) - (m_) (11.4.1)

where w is the angular resonance frequency of the electrons, e is the charge of the electron,

the plates:

V the applied total voltage on the plates, m. the mass of the electron, d the half separation
of the plates, and k multiplied by the coordinate = gives the electric field at that point,
viz. EE = —kz.

In Fig. 11.4.1 we show the resonance frequency versus the applied high voltage which
follows the square root law of Eq. (11.4.1).

The fact that the plates can hold DC high voltage means that the electron trapping
is minimized by our design of the feeding leads and the accumulation of space charge is
quenched. The fact that we observe the expected frequency of electron oscillations for a
quadrupole field means that the electric field is not influenced to a measurable degree (at
the level of 0.5% for a DC field) by trapped electrons. The resonance frequencies can be
used to equalize the electric field on all the quadrupoles which helps to minimize muon
losses due to asymmetries. It also gives the opportunity to study whether the electron
trapping creates any magnetic field. Since it is DC it can be measured by the NMR probes
that are located above and below the plates. This will set very strict limits to spurious
magnetic fields coming from the trapped electrons, but it needs a homogeneous magnetic
field not available at the time of the tests.



Figure 11.4.1: Resonance frequencies of the trapped electrons versus the
applied total DC high voltage. The solid line is the fit to the data and
follows the square root law implied by Eq. (11.4.1).
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Chapter 12.
The Muon Kicker

Revised September 1994

12.1. Introduction and Overview

Direct muon injection into the storage ring is accomplished by giving the muon beam
a 10 milliradian kick at a quarter of a betatron wavelength from the inflector. The muons
produced by pion decay in the transport channel are selected by the momentum slit near
the end of the beam line.

Three different kickers have been considered, since the kick can be accomplished either
by electric, magnetic or a combination of these two fields. Each technique has its difficulties
and implications on the measurement of (g — 2) due to the residual fields after the kick.

The advantages of the muon injection into the ring are that it reduces the initial flash
which the detectors see by many orders of magnitude, while producing over an order of
magnitude more stored muons per fill than can be achieved with pion injection. [1]

Initial calculations for a somewhat idealized ring [2] estimated that up to a third of the
muons transported through the inflector can be stored. For the actual storage ring with
the present geometry, the quadrupole system and w/p beam transport system, tracking
calculations indicate that a 5 to 10% injection efficiency seems achievable. The most recent
calculations say that compared to pion injection, a factor of ten more muons can be stored
per fill with direct muon injection, compared to pion injection.

The disadvantage of direct muon injection is that one must deal with the effect of the
residual magnetic field of the fast muon injection kicker due to the eddy currents in the
vacuum chamber. The effect of the residual field on the measured value of (g — 2) was
estimated to be about 0.3 ppm [1], if a magnetic kicker is employed.

A new dynamic calculation using the sophisticated computer program PE2D/TR shows
that the effect on the measured (g — 2) frequency is about 0.1 ppm, but the details depend
on the exact pulse shape. [3]

Moreover, the residual field can be measured using the Faraday effect. Since the effect
of the residual field is small and also measurable, the choice of the kicker was made based

on the reliability and the cost.
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We have chosen the magnetic current loop kicker as the kicker of choice. The length
of the kicker is limited by the space between the quadrupoles and the maximum is about
5 meters. An electrostatic kicker needs on the order of 400 £V to accomplish the kick.
A magnetic kicker with a current loop requires less than 70 kV if the kicker is divided
up to four sections. The electrostatic kicker [4] requires some state-of-the-art research
and development. On the other hand, the magnetic kicker can be accomplished with the

present engineering experience at BNL.

12.1.1. The Pulser

The pulser for the muon kicker will be made up of a number of sections to enable
available thyratrons or spark gaps of standard ratings to be employed. A lot of experience
exists in the AGS with these types of systems. The booster extraction and the AGS
fast extraction are the prime examples. Synchronization of the modules can be readily
accomplished and maintained over a large number of cycles in those systems.

Each module will consist an energy storage capacitor, a discharge switch (thyratron or
spark gap), a crowbar switch, an energy-dissipating resistor and a short transmission line
to connect the module to its vacuum feedthrough. The initial part of the pulse is formed
by triggering the discharge switch and resonating the capacitor and the inductance of the
kicker. As soon as the capacitor voltage reverses, the crowbar switch is triggered and
the second half of the pulse is formed primarily by the kicker inductance and the resistor
time constants. All necessary axillary timing and control circuits will be constructed.
A common high voltage power supply will be used to charge the modules in parallel.
Therefore, all capacitors will have the same initial stored charge. Individual delays will
be required to make the initial adjustment of delay differences between simultaneously
operated switching devices. Lately we are looking into the possibility of using a critically
(or near-critically)-damped R-L-C circuit. The advantage of this scheme is that is pulses
the kicker with only one switch (a spark gap) and the rest of the pulse is naturally taken
care of by the damping resistor. Since this circuit requires only one switch instead of two,
the pulser should be more reliable. The disadvantage is that a small residual kick exists
during the first two turns. Mane had investigated the effect of a residual kick with up to
20% of the primary pulse amplitude after the first turn and 15% after the second turn. He
found no noticeable effect was seen in the injection efficiency or in the subsequent beam
losses. Another disadvantage of the critically damped scheme is that a somewhat higher
pulser voltage is required than for the other scheme.

The switching device can be either a commercially available thyratron or a spark gap.

A thyratron is known to have lifetime exceeding the life of the (g — 2) experiments but



with a higher internal inductance. Recently we have been looking into the possibility of
using commercially available spark gaps and we learned of the possibility of obtaining units
which would be suitable for our application which have an expected life of over a million
shots. Because of low internal inductance (< 40 nH) we may be able to construct the

kicker with three modules.

12.1.2. The Electrodes and Feedthroughs

The material chosen for the magnetic field generating current loop is .02” thick titanium
sheet which will provide both mechanical stability and good high voltage properties. The
top and bottom ends of the sheet will be welded to titanium channel which will also serve
as the rail for the field mapping trolly. The end of the sheet as well as the titanium
channel shall be rounded to withstand voltage up to 100 kV. The channels and sheets are
supported on MACOR insulators.

The kicker will be constructed in three or four modules to reduce the voltage required to
overcome the inductance of the module. The current connections through the vacuum walls
will be made via high current coaxial feedthroughs in order to reduce stray inductance.
The feedthroughs will be modeled after the feedthroughs utilized in the extraction and
injection kickers in the AGS ring.

12.1.3. Calculation of the Residual Fields

Since the walls of the (¢ — 2) vacuum chamber are several tens of the skin depth of
the kicker pulse, the effect on to the magnetic yoke is expected to be nil. However, the
eddy current created in the vacuum chamber by the fast rising and falling magnetic field
would have some effect on the (g — 2) measurement. An analytical calculation for a simple
electrode geometry and current pulse shape was carried out by Farley, [1] who estimated
the effect to be 0.3 ppm.

Dynamic calculations for a magnetic loop kicker, [3] and for a stripline kicker [5] using
the computer program PE2D/TR showed that the effect on the (g — 2) frequency is about
0.1 ppm at 20 ps and 0.04 ppm at 100 ps. Additional calculations are under way for the
planned kicker geometry and pulse shape, since the residual eddy currents are somewhat
dependent on the geometry as well as the pulse shape. Though the residual field is small,
we are planning to measure and to correct for it. The method to measure the field is
described by Semertzidis, et al. [6]



12.1.4. Measurement of the Transient Fields Induced by the Kicker

The transient field produced by the kicker will be measured by the Faraday effect.
A test setup has been built [6] which has shown the feasibility of measuring transient B
fields of the magnitude expected from the kicker, and to a precision better than is needed
for the (¢ — 2) measurement. Since knowing the effect of the kicker on the muon spin
precession frequency is crucial to the success of the experiment, the laboratory test setup
for measuring eddy currents and the results are described below.

For muon injection the particles need to be kicked by 10 mrad outwards at about 90°
around from the inflector exit so that they are stored in orbits that have the same center as
the (¢9—2) ring. The integrated magnetic field neededis B-L = 0.1 Tmor B = 330 G for
L = 3 m. If the electrostatic kicker is used, the required field is of the order of 10 MV /m.

The muons take about 150 ns to go around the ring and therefore the kicker field
should be off before that time. However, this high transient field has the potential to
create eddy currents in the vacuum chamber walls. As discussed above, this is particularly
true for the magnetic kicker [3] and less true for the stripline [5] kicker.

The integrated main dipole magnetic field is about 65 T'm and there is a need to
know the average B field to 0.1 ppm. For 3 m of kicker length this translates to about
22 mG of Remnant Magnetic Field (RMF). The estimated magnetic field at the center
of the storage region induced by these eddy currents for both the magnetic and stripline
kickers is calculated [3,5] to be of that order 20 ps after muon injection, which is when
data collection will begin. Therefore, for both those kickers there is a need to measure the

induced magnetic field to 50% and to study its time dependence.

12.1.5. The Faraday Effect

A measuring device for that purpose has been developed at BNL based on the Faraday
effect: Polarized light that propagates in a dielectric material in the presence of a magnetic

field has its polarization state rotated by an angle
0 = VB{ (12.1.1)

where V is the Verdet constant of the material, B is the magnetic field along the light
propagation direction and £ is the total light path in the material. The sense of rotation
given by Eq. (12.1.1) depends only on the direction of the magnetic field and not on the
direction of the light propagation. The rotation follows the rotation of a right-handed
screw that moves in the direction of the magnetic field.

By detecting the angle 8 as a function of time we can estimate the changing magnetic

field when V and ¢ are known. The merit of this method is that there are no metallic



parts present but only dielectric materials so that the measuring instrument itself does
not influence the RMF. In addition, this technique has a large dynamic range and its time
response is very short, limited only by the time constants of the detection electronics. The
large static external dipole magnetic field does not contribute anything since this method

is only sensitive to time-varying magnetic fields.

12.1.6. The Test Setup

The setup used for the tests is shown in Fig. 12.1.1. A green laser, which provided
~ 50 mW of continuous wave (CW) Ar* laser light with A = 514.5 nm was polarized by
the polarizer P. The polarized light then enters a TGG crystal 1 which is surrounded by
a coil that generates a magnetic field along its axis. The light is reflected back by the
mirror M1 and retraces itself through the crystal. The mirror M2 catches the returning
ray and directs it to the analyzer A which is set for best extinction, o, where for crossed
polarizers, extinction is defined as the ratio of the light that escapes the second polarizer,
over the light intensity before the second polarizer.

The photodiode on the back of the analyzer monitors the light intensity that escapes

it. The light intensity I on the photodiode is
I =1 [0'2 + (a+ 0)2] = Iy [0'2 +a’ 420+ 02] (12.1.2)

where I is the light intensity before the analyzer and o> = 107° to 107 for the polarizer
crystals used in the tests. The angle 6 (see Eq. (12.1.1)) is the Faraday rotation to be
measured and « is the static rotation introduced to the system in order to linearize the
effect and to improve the signal to noise ratio. For the best signal to noise ratio and shot
noise limit it turns out that & > v/o2. In practice we used a = Vo?2.

Following the laser there is a periscope (PS) for adjusting the height of the laser beam,
and a Galilean telescope (GT) for minimizing the light spot size at the TGG crystal site.

T A TGG crystal is an artificially grown crystal with a big Verdet constant, i.e. for the
same magnetic field you get large rotation without compromising the laser light quality
(see Eq. (12.1.1)). The crystal used in the tests was provided by: Optics For Research,

Box 82, Cadwell, NJ 07006.
I The first polarizer polarizes the light to a high degree. The second polarizer when

rotated relative to the first (in which case it is also called the analyzer) extinguishes the
light. However, in practice, there is always light that is transmitted and one uses extinction
to quantify it. The analyzing power of a system depends heavily on how good extinction

is.



Figure 12.1.1: The experimental setup. The symbols are: PS - periscope,
M - mirror, A - polarization analyzer, P - polarizer (see text).



Figure 12.1.2: The circuit used to generate the time-varying magnetic
field in the tests.

12.1.7. The Time-Varying Magnetic Field

The coil (C) simulates the magnetic field to be measured. The circuit used is shown

in Fig. 12.1.2. The coil was capable of delivering a magnetic field

N
B = ,uofﬁcosﬂ (12.1.3)

where I is the current that flows, 2 = 3.5" is the coil length, N = 1135 is the number
of turns, and the tangent of the angle 3 is the ratio of the diameter to the length of the
coil which for our case was cos3 = 0.96. For the coil used, B = 154 G per ampere.

The inductance of the coil was measured to be L = 9.2 mH and its resistance was
9 Q). A resonance circuit was used to create a fast-changing magnetic field by placing a

capacitor (C = 10 nF) in parallel to the coil. The resonance frequency is given by

1
f=——— =16,600 Hz (12.1.4)

2mv LC



12.1.8. Results of the Test Measurements

The extinction achieved with the TGG crystal in place was 2.6 x 10~ and was limited
by its inhomogeneities. With the TGG crystal removed, and everything else the same, the
extinction was measured to be 4.4 x 1075, The DC level on the oscilloscope was 163 mV,
therefore I (see Eq. (12.1.2)) corresponds to 6250 V.

Fig. 12.1.3 shows the results with 1000 measurements vector-averaged. The trigger
that is sent to the base of the transistor to close (i.e., to pull point C of Fig. 12.1.2 to
ground), also triggers the digital oscilloscope for data taking. Curve 2 of Fig. 12.1.3 is a
single measurement of the voltage at point C of Fig. 12.1.2 and curve 1 corresponds to the
vector average of the output of the charge preamplifier that follows the signal photodiode.
In these measurements the voltage at point D was 3.25 V.

The polarization rotation angle (see Eq. (12.1.1)) induced by the time-varying magnetic

field was
I 58 mV

T 2al; 2x5x 103 x 6270 V
The company that furnished the TGG crystal provided a value for the Verdet constant of
(V. = 219 Tm). The crystal length is 1.3 ¢m (i.e. total light path 2.6 ¢m), so the measured

rotation given in Eq. (12.1.5) corresponds to a transient magnetic field amplitude of 1.6 G.

0

=9.2x 107" rad (12.1.5)

The signal-to-noise is very large in that case.

If one analyzes the circuit, the expected field is 1.1 G, which is ~ 30% less than the
measured value. Because of time pressures to finish these measurements, it was not possible
to completely explore the sources of this discrepancy. There are several possible sources of
this difference, and they will be studied in detail later in 1994.

With the same setup and the light to the photodiode blocked, the signal looks like
trace 1 of Fig. 12.1.4 which corresponds to a maximum noise of 6 mG after 20 us of the
trigger. This is well below the required sensitivity.

In the real setup data should be taken with the crystal in and out of the light path in

order to study the effects of spurious signals.



Figure 12.1.3: Storage oscilloscope result of the measurement (see text).



Figure 12.1.4: Storage oscilloscope measurement with the photodiode
blocked (see text).



12.1.9. Conclusions on the Transient Measurements

In laboratory tests it has been shown that a determination of a fast-changing magnetic
field with 1000 measurements at 1 Hz is possible to a level that is 3 times more precise
than the required accuracy for the (g — 2) experiment.

The 1.6 G signal is quite large (as is the signal to noise) compared to the 22 mG
we need to measure in the (¢ — 2) experiment. The low level measurement is shown in
Fig. 12.1.4 where the noise 20 us after the trigger corresponds to 6 mG. The laser light
noise was much less than the equivalent of 6 mG, and the main problem was pickup,
presumably ground loops or other noise through the trigger electronics to the preamplifier,
or the oscilloscope itself.

In the real setup the power supplies for the receiving electronics will be isolated, which
should eliminate this problem. Furthermore, successful isolation of the electronics should
permit measurement of the stray field on a pulse-to-pulse basis.

Because of time constraints, and a failure of the laser tube, it was not possible to
investigate the isolation issue, nor was it possible to apply a static 1.5 T' external magnetic
field on the apparatus in order to study its effect on the measurements. In principle, the
external field should have a negligible effect, since the Faraday effect only depends on
a time-varying magnetic field. Both isolation studies and the external field test will be

carried out in the future on the magnetic kicker prototype under construction.
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Chapter 13.
The Vacuum System

Revised February 1994

13.1. The Vacuum Chambers

A plan view of the assembled vacuum chamber ring is shown in Fig. 13.1.1. The
vacuum chamber ring includes twelve 28 degree chamber sectors, the bellows adapters (2
degrees) between sectors, and the support frames which are installed inside the sectors.
There are nine sectors which have the same geometric features and three sectors which
have special features. The similar sectors, which are referred to as “standard” sectors, are
shown in Fig. 13.1.2. The special sectors are the inflector, trolley garage, and the traceback
chambers. The kicker will also require a special design, but it will not be installed at the
time the experiment is first commissioned.

The chambers have a scalloped shape on the inside to accommodate the twenty-four
electron detectors while minimizing the showering in the vacuum chamber walls[1]. There
are two detector regions per vacuum chamber sector. The detector region is shown in
Fig. 13.1.3. The vacuum wall adjacent to the calorimeter is only 3 mm thick to allow the
detector to be as close to the storage region as possible. The calorimeter is inclined at an
angle of 70 mrad, which is the mean angle of electrons with high analyzing power (actually
NA2) which miss the outer edge of the detector and hit the next detector. The outside
wall of the chamber is at a radius of 721 cm to allow free space for the incoming pion or
muon beam.

The inflector, which is installed in chamber 1, cancels the field for the incoming particle
beam, and directs (i.e., inflects) the beam tangentially into the storage region. The kicker
will be located approximately 90 degrees clockwise from the inflector end. Two sets of
beam monitors determine the particle distribution at approximately 180 degrees and 270
degrees from the inflector end. There are four regions in the vacuum chamber ring for
electrostatic quadrupoles: Q1, Q2, Q3, and Q4. Each region has 39 degrees of electrodes
mounted in standard chambers for a total azimuthal coverage of 156 degrees. The trolley
garage is at the chamber 10 position, and the electron traceback detector is at the chamber

11 position.
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Figure 13.1.1: Plan view of the storage ring vacuum system.



Figure 13.1.2: Plan view of the standard vacuum chamber.



Figure 13.1.3: Plan view of detector station. There are 23 such stations
around the ring.



The vacuum chamber sectors are a welded fabrication of aluminum alloy 6061 plate.
The standard chambers have 5 conflat flange ports with a 203 mm outside diameter and
a 124 mm inside diameter facing radially inward. These flanges are available for the
quadrupole electrical feedthroughs, beam monitors, vacuum pump connections, for re-
moval of the distributed ion pumps (DIPs), for access when installing the quadrupole
feedthroughs, and for positioning of the internal support frame. There are 30 fixed NMR
probes per chamber which are mounted in grooves in the upper and lower chamber plates.
These grooves are on the outside faces of the plates, external to the vacuum.

The support frame inside each chamber sector serves primarily to provide rails for
the NMR trolley cable car. The support frame is shown in Fig. 13.1.4. The quadrupole
electrodes are mounted to the support frame. To ensure accurate frame assembly and
precise positioning of the rails and electrodes, 3 mm upper and lower plates of the frame
are CNC machined to the exact radius for a 28 degree arc. A short aluminum bellows
adapter is placed between each vacuum chamber section. The bellow adapter facilitates
installation and removal of a sector, provides for any angular misalignment of chamber
end flanges, allows expansion for small temperature differences between the yoke iron and
aluminum chamber ring, and allows independent, and therefore more precise, setting of
chamber radial position. The rectangular end flanges of the sectors and bellows adapters
are sealed with viton O-rings. NMR plunging probes and collimators (scrapers) will be
installed in the bellows adapters.

The accurate positioning of the NMR trolley rails and quadrupole electrodes which
are mounted on the support frame is critical to the experiment. The alignment of internal
components of the vacuum chamber will be accomplished in the following steps: assembly
of the support frame on a very flat surface using gauging and tooling, machine chamber
upper and lower surfaces to a flatness of .010 inch (.25 mm) to serve as a datum for support
frame positioning, installation and alignment of the support frame in the sector relative to
end flanges and sector upper and lower surfaces, and finally positioning and alignment of
the sector in the magnet gap.

To minimize electron trapping and high voltage breakdown at the quadrupole elec-
trodes[2], a pressure of 107 Torr is required for the storage ring vacuum. The total gas
load of the storage ring vacuum system is estimated to be 1 x 1072 Torr — £/s 24 hours

after roughing down. To reach pressure of 5 x 10~ T'orr in 24 hours, a pumping speed of

~ 2000£/s is needed.



Figure 13.1.4: The support frame which goes inside of the vacuum cham-
ber to support the trolley rails and the electrostatic quadrupoles.



13.2. Vacuum Pumps, Pumping Speeds and Outgassing

A prototype vacuum chamber has been constructed which is identical to the stan-
dard vacuum tank section. In the prototype sector chamber, an outgassing rate of 1 x
10=% Torr — £/s ¢m” was reached 24 hours after roughing down. The outgassing of
twelve sector chambers with an internal surface area of 5 x 10° ¢m? will therefore be
~ 5 x 107" Torr — £/s or 50% of the estimated gas load. The quadrupole electrodes will
contribute a gas load of 2 x 10~* Torr — £/s or 20% equivalent. The 24 Viton O-ring seals
will add a gas load of ~ 1 x 10~* Torr — £/s from both outgassing and permeation. The
remaining 20% of the gas load budget is set aside for other vacuum components, such as
kicker, profile monitors, etc. With careful selection and evaluation of the material used in
each component and proper cleaning and handling, the total gas load shall not exceed the

estimated 1 x 1073Torr — £/s 24 hours after pumping down.

Turbomolecular pumps will be used to rough the ring vacuum from ambient to ~
10=° Torr before the high vacuum pumps can be started. The turbopumps can also be
used as high vacuum pumps when the need arises. Identical turbopump stations will
be used to maintain the insulating vacuum of the cryostats of the magnet coils and the

inflector.

Sputter ion pumps, which provide clean, vibration free vacuum, have been chosen as
the high vacuum pumps for the storage ring vacuum system. Instead of lumped ion pumps,
distributed ion pumps(DIPs) mounted inside the vacuum chambers will be used here. With
the existing bending field and vacuum chambers, only Penning discharge cells are needed.
These on-the-spot pumps eliminate the conductance restriction of the manifolds associated
with the lumped pumps. The other major advantage of using DIPs in the (¢ — 2) storage
ring vacuum is the absence of permanent magnets of the lumped ion pumps, which might
disturb the 1 ppm field uniformity requirement. The absence of pump manifolds also frees

u e space in the storage ring midplane and simpli e chamber design.
p the space in the storage ring midpl d simplify the chamber desig

Two areas of 5 ¢cm X 50 e¢m at the inner radius of the sector chambers, as shown
in Fig. 13.2.1, have been identified[3] to be outside the trajectories of the decaying elec-
trons and will be used for positioning the DIPs. The DIP will be installed and retrieved
through the down stream Conflat port. The maximum allowable cross section of the DIPs
through the port is approximately 5 cm wide and 10 cm high. The DIP design is shown in
Fig. 13.2.2. It consists of two sections, each with three layers of anode elements. Flexible
braids are used to joining the anode elements together. Both the anodes and the cathodes
of the DIPs are made of titanium therefore they will not disturb the uniformity of the

magnetic field at the muon storage region.



Figure 13.2.1: A sample of muon decay electron trajectories showing
the optimum location inside the vacuum chamber for the distributed ion
pumps.



Figure 13.2.2: A schematic view of the distributed ion pump elements.



The pumping speed of the sputter ion pumps is a function of the geometry of the
Penning discharge cells and the magnetic field intensity. The lumped ion pumps, using
permanent magnets, usually have a field intensity of < 1.5 kG. The magnetic field at (g—2)
DIP locations ranges from 12 kG to 15 kG. At this high field, DIPs with anode cell radius
around 6 mm have been found[4] to have the highest pumping speed of approximately
0.4 £/s per cell. The pumping speeds drops off with decreasing and increasing cell radii.
Each (g — 2) DIP will have over 270 cells, therefore a pumping speed over 100 £/s. A total
pumping speed of 2000 £/s can be obtained with 20 DIPs distributed around the ring.

13.3. Monitoring the Vacuum

To monitor the vacuum level, the storage ring will be instrumented with a few sets
of vacuum gauges. Due to the distortion of the electron orbits inside the gauge heads by
the fringe magnetic field, hot filament ionization gauges will not function correctly. Cold
cathode gauges will be used instead. The effect of the fringe field on the cold cathode
readings will be negligible if the gauge heads are located more than 1.5 meters away
from the storage region where the fringe field is less than 50 G. Alternatively, the gauge
discharge can be sustained by the storage ring magnetic field if the gauge is positioned
near the storage region and the permanent magnet is removed. The gauge readings will
supplement the pressure readings derived from the discharge current of the DIPs. With
over twenty DIPs distributed around the ring, an accurate pressure profile will be readily

available for interlock and trouble shooting.
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Chapter 14.
The Precision Magnetic Field

Revised July 1994

14.1. Introduction

Two quantities must be measured precisely to determine a, to 0.35 ppm. These are
the (g — 2) precession frequency w, and the storage ring magnetic field B. The goal in
precision for determining B is 0.1 ppm. Actually it is not B at each point in the storage
ring that is needed to evaluate a, but rather the azimuthal average of B (vertical) around
the ring, weighted by time and by the spacial distribution of muons. We designate this
average by B.

The principal specifications placed on the magnetic field of 14.5 kG in the muon storage

volume are the following:

(1) Homogeneity of B over the storage volume to 1 ppm.

(2) Constancy of B with time to 0.1 ppm.

(3) Measurement of B by NMR to 0.1 ppm so that the relevant B average over the storage
ring volume is determined to 0.1 ppm.

(4) Absolute calibration of the NMR system to 0.05 ppm.

In Chapter 8 the design of the conventional muon storage ring was presented in detail.
In this chapter we describe the plans for shimming the field to the required homogeneity for

measurement of the field and for its control to 0.1 ppm and for absolute field determination.
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14.2. Shimming the Storage Ring Magnetic Field

14.2.1. General Considerations

To achieve the required homogeneity of 1 ppm over the muon storage volume several
techniques of shimming are planned as follows:

(1). Iron pieces on the yoke.

(2)
(3)
(4)
()

Grinding the pole face surfaces is one approach that was used in the CERN experiment

. Tilting of the pole faces.
. Iron pieces in the air gap between the pole face and the yoke.
. Adjustable Rose or edge shims.

Current loop shimming on the pole faces.

but our initial shimming plan does not include grinding.

A special shimming trolley with NMR probes will be used during the shimming process.
Field mapping at about 10° points (spacing ~ 2 cm) will be done in a complete map with
the trolley in a period of 4 to 8 hrs. It will be useful to describe the field in terms of
its harmonic expansion. A measured set of field points can always be so represented for
a 2-dimensional case and the harmonic description is useful for shimming and also for
analysis of the errors due to field inhomogeneities. At present we plan to deal with the
real 3-dimensional problems empirically. A program will provide rapid off-line analysis to
represent the field in its harmonic components and with this information a decision can
be made about what changes to make in the shimming configuration. In general it will be
necessary to turn the storage ring magnetic field off to make changes in the iron shims.

A cross section of the pole face region is shown in Fig. 14.2.1 including the pole face
edge shims.

The muon storage volume where a precise knowledge of B is required is indicated.
After construction and assembly we anticipate inhomogeneities of B over the storage vol-
ume of several parts in 10%. These arise inevitably from imperfections in the mechanical
configuration of the superconducting coil and iron within the allowed tolerances and from
inhomogeneities in the iron. We note for example that a change of 25 ym (1 mil) in the
size of the gap between the pole faces results in approximately a 100 ppm change in B. The
capacitance transducer from Capacitec is a very useful tool to make spacing measurements.
Transducer HPB-150 has a linear range of 25 mm and specified repeatability of 0.25 pm.

We plan to reduce long wavelength azimuthal variations of B by placing iron pieces
on the outside of the yoke. We will reduce shorter wavelength (~ 10 cm) azimuthal and

radial variations of B by placing iron wedges inside the 2 cm air gap.



Figure 14.2.1: The Magnet Pole Region.

The final shimming technique which should allow us to improve from the 10 ppm to
the 1 ppm homogeneity level will be pole face current loop windings. The distribution
of the currents will of course depend on the inhomogeneity of the magnet. Current loop

shimming on magnet pole faces is a well known technique which has been widely used



commercially for precision electromagnets for NMR studies. We plan to use printed circuit
board techniques for the current windings.

The shimming techniques will all be done with an iterative approach involving field
measurement, calculation, shimming and then remeasurement. The calculation to predict
the shimming required to improve the field will depend on the particular shimming tech-
nique being employed and on the character of the inhomogeneity. There is no accurate
code for solving the three dimensional Poisson equation, but only for the two dimensional
case, including the two dimensional case with cylindrical symmetry. Hence during the
initial phase of mechanical shimming when azimuthal field variations may be considerable
the calculation will involve a qualitative estimate together with extrapolation and interpo-
lation of measured values. When the two-dimensional Poisson equation is applicable, it has
been found by full calculations that the effects of perturbations due to iron distributions or
permeability variations and due to changes in current distribution can be accurately and
usefully computed by perturbation methods to the 0.1 ppm level. We anticipate that such
calculations will be very useful in the final stages of current loop shimming. Shimming for
the inflector region is discussed later in this section.

During the shimming process field measurement will be done with NMR probes on
a movable shimming trolley. Tests of various aspects of the shimming techniques will be
made with the test magnet at Brookhaven before the storage ring is constructed. A beam
tube trolley will be used to obtain a complete field map and to carry up to 25 NMR probes

around the muon beam path when the beam chamber is present.

14.2.2. Iron Shimming

14.2.2.1. General Approach to Static Iron Shimming

Static iron shimming will be used to improve field homogeneity [1,2] up to the limit
where temporal, thermal, cyclical, and vibrational variations require current shimming
capable of active control, based on ongoing measurements of the field to the necessary
accuracy.

The field shape, as computed, can be realized by adequate control of dipole, sextupole,
plus 10-pole even power moments and of quadrupole plus octupole odd power moments.
It is judged that this will also be the case for actual magnet operations including routine
environmental influences. Perturbations of moments can be practically introduced using

iron, based on computed shimming perturbations of the magnet geometry.



Note that material inclusions in pole pieces and pole surface irregularities are not
present in these computations. Very high purity vacuum-formed iron pole stock is being

used to minimize local “pot holes.”

Any additional pole surface measures that may be
taken are beyond the scope of the present discussion and must await further experience
and ongoing development.

This basic magnetic design approach of the (¢ — 2) magnet with its floating pole,
shaped to give the necessary good field uniformity on paper, was made by Danby and
Jackson [1] and has been extensively reviewed by them and checked by other members of
the collaboration.

The capacity to perturb the magnet was designed to allow practical corrections for
what were believed to be the “real world” deviations to be expected when the magnet
is actually constructed and operated. It is expected that large corrections of low order
moments will be required initially but that iron shimming of moments higher than 10-pole

will not be necessary.

14.2.2.2. Even Moments

The tables in Sections 14.2.2.2 through 14.2.2.4 give the multipole field contributions
AB, /B, at r=4.5 cm for different conditions.

Sextupole and 10-pole moments can be eliminated on paper while reducing higher
moments to levels smaller than 1 ppm by varying the bump height of the Rose shims.

Table 14.2.1: Field perturbations of symmetric moments due to bump
height of rose shims. § = 46um change in bump height.

AB, /B, Bump Height Bump Height ]
(4.5 ¢m) 0.2854 cm 0.2900 cm (46 pm)
n = 1 (quad) -252.0 ppm -252.2 ppm + 0.2 ppm
2(sext) -14.1 -7.1 + 7.0
3 -34.1 -34.2 -0.1
4 (10-pole) + 1.3 + 2.6 + 1.3
5 -3.8 -3.8 0.0
6 -14 - 1.3 + 0.1

Table 14.2.1 gives the calculated perturbations of different moments due to several
different heights of the Rose shims with a width of 3.0 cm (see Fig. 14.2.1). Ouly the

symmetric moments are significantly changed.



For the real magnet, based on measurements, perturbation by symmetric adjustment
of the pole edge shims can make the 10-pole moment zero. Any residual sextupole will be
small compared to correction coil capabilities. Since the sextupole moment is a dominant

dynamical field term, current correction of this moment will be required in any event.

Table 14.2.2: Field Perturbations of Moments at r=4.5 cm due to Per-
meability Changes. A B 1001 pole = 0.1% (pole only); AB yoke ~ 7%.

AB, /B, 1006 Yoke + 1006 Yoke +
(4.5 cm) (Yoke + Pole, 1006 1001 Pole 1001 Pole
p = 1006 p = 1006/1001 1006/1001
n=1 + 0.1 ppm - 6.1 ppm -5.8 ppm
2 -7.9 + 19.9 + 20.1
3 -0.2 + 1.0 + 1.0
4 + 1.5 + 2.1 + 2.1
5 - 0.1 - 0.1 - 0.1
6 -1.4 -1.4 -1.4
7 -0.1 -0.1 -0.1
8 -0.3 -0.3 -0.3
B,(G) 14,418.398 14,432.529 14,422.984
124 kAT 124 kAT less current

Table 14.2.2 shows the effect of realistic p changes on the moments. From calculations
with pole pieces from 1006 iron and 1001 iron (as actually planned) we can judge the
influence of a change in the properties of the iron pole faces as given in the u tables. The
sextupole contribution changes by 28 ppm. Other low order terms are affected slightly. All
of these perturbations are well within the range of the edge shim height adjustments only
and the air gap shimming. Actual permeability variations in pole pieces can be a significant
fraction of the changes given in Table 14.2.2. This change of pole iron properties leads
to a 0.1% higher dipole field for the better 1001 material. Control of the dipole field is
discussed later. The third column, at reduced current, shows that the changes in sextupole
and other field components are due to the better permeability and not due to the slightly

higher central field in column two.



14.2.2.3.

Table 14.2.3: Field

Rose shims.

Odd moments

moment perturbations due to asymmetric heights of

AB, /B, Pole bumps Pole bumps )
(4.5 cm) A+ 0.047 cm + 0.000 cm
n = 1 (quad) + 0.1 ppm -87.7 ppm -87.6 ppm
n = 2 (sext) -10.4 -9.7 + 0.7
3 -0.4 -36.6 -36.2
4 + 0.9 + 1.1 + 0.2
5 -0.1 - 3.8 -3.7
6 -14 -1.4 0

For the actual magnet, the octupole component can be made zero, based on field
measurements, by asymmetric adjustment of the pole edge shims (see Table 14.2.3). Note
that & only effects quadrupole series and this unequal bump is used to correct especially
octupole due to asymmetric C magnet [A = £.0185" for the chosen geometry.|

Combinations of small symmetric and asymmetric changes of the edge shims can be

used, after initial measurements, to eliminate the octupole and 10-pole aberrations.

Table 14.2.4: Perturbing air Gap Behind Pole.

AB,/B, Pole Gap Slope Pole Gap Slope d=+1mm
(4.5 cm) + 0.4 cm + 0.5 cm
n = 1 (quad) - 20.2 ppm + 10.1 ppm + 30.3 ppm

2 (sext) -11.6 -9.8 + 1.8

3 -0.2 -0.6 -0.4

4 + 1.0 + 0.9 - 0.1

5 -0.1 -0.2 - 0.1

6 -14 -14 0.0

The quadrupole component can be rendered zero by a wedge-shaped air gap between
the poles and yoke pieces. (See Table 14.2.4) This perturbation is used principally to
correct the quadrupole term. A change of £33 pm in width across the entire pole width
gives + 1 ppm change in the quadrupole field component.



Table 14.2.5: Pole Surface Tilt Computations

AB,/B, Base Tilt Pole Surface & )
(4.5 cm) Bumps F .010 cm
n = 1 (quad) -252.2 ppm - 19.2 ppm + 233.0 ppm
2 (sext) -7.1 -74 -0.3
3 -34.2 -34.2 0.0
4 + 2.6 + 2.6 0.0
5 -3.8 -3.8 0.0
6 - 1.3 - 1.3 0.0

The entire pole could also be tilted as a whole to eliminate the quadrupole component,
but with about 100 times greater sensitivity. Calculations of the effect of tilting the poles
are given in Table 14.2.5.

To summarize, with a tilt of £ 50 pm across the entire pole width, the quadrupole
change is 120 ppm. By contrast, a tilt of & 50 pum across the entire pole width, but in the
air gaps, gives a quadrupole change of 1.5 ppm. Since the pole surface tilt is ultra sensitive,
it is planned to shim the pole supports at the quarter points to a desired precision value

and then leave them alone. The air gap will then be used for adjustments.

14.2.2.4. Static Iron Dipole Shimming

The dipole amplitude results from the first order total reluctance of the magnet circuit.

Variations of the geometrical tolerances and the properties of materials will produce
very large azimuthal variations of the dipole field, even with the decoupling improvements
of an air gap and floating pole pieces. Before shimming considerably more than 100 ppm
inhomogeneity will no doubt occur, including quite short wavelength effects. (Note that
10~* x 10 ¢m air gap is a very small number.) Also see §8.2.2 and Tables 8.2.1, 8.2.2 and
8.2.3.

Because of the bolted assembly and the accumulated tolerances, the effective total air
gap between the pole faces plus the two air gaps behind the poles is estimated to vary by
up to 200 pm.

Table 14.2.6 shows the computed effect of a change in each air gap behind the poles by
1 mm (1000pm). This is then 10 times as large as the expected worst case experimental

air gap variation.



Table 14.2.6: Air Gap Variation

Base
AB, /B, (Gap) = 1.0 (Gap) = 0.9 d (Gap) =
(4.5 cm) + 0.4667 cm + 0.4667 d (Gap) 1.1 + d (Gap)
cm =-0.1cm 0.4667 cm =40.1 cm
n=1 -13.5 - 14.0 -0.5 ppm -12.7 + 0.8 ppm
2 -1.8 -4.9 -3.1 + 1.1 + 2.9
3 + 0.1 -0.1 -0.2 + 0.2 + 0.1
4 0.0 -0.2 -0.2 + 0.3 + 0.3
5 0.0 0.0 0.0
6 - 1.0 - 1.0 -1.0
7 0.0 0.0 0.0
8 -0.2 -0.2 -0.2
B,(G) 14556.698 14656.784 100.086 14455.652 -101.046

Table 14.2.6 shows that the expected variation should effect only the dipole moment.
Note the wedge angle of + 0.467 cm over the 56 cm wide pole is unchanged as the average

air gap is changed.

Table 14.2.7: Perturbation Due to Vertical Movement of Pole Pieces

Pole Toward
Base Yoke 0.1 cm )
n =1 (quad) + 0.1 ppm + 5.9 ppm + 5.8 ppm
2 (sext) - 10.4 _ 9215 111
3 -04 - 0.9 -0.5
4 + 0.9 - 1.5 -24
5 -0.1 -0.2 -0.3
6 -14 - 1.7 - 0.1
B,(Gauss) 14422.491 14417.475 - 5.016 Gauss

Next, in Table 14.2.7 the pole pieces were moved vertically so that the sum of all air
gaps is constant. Note that translation of the pole pieces produces a very small change
compared to that of a change in total air gap.

Note that the simple description of the field in terms of moments transverse to the
azimuthal (or beam) direction is realistic only if azimuthal field gradients are very small.
With azimuthal symmetry V- B = 0 occurs in a plane normal to the azimuthal axis. Com-

putations are made in 2D rectangular or polar coordinates or in 3D cylindrical coordinates.



An approximate method of treating the three-dimensional problem when the field varies

in azimuth has been proposed. [3]

We desire to obtain knowledge of the field to 0.1 ppm as rapidly as practical from the
minimum number of fixed point on-line measurements. The quality of the experiment will
depend on making the field as uniform as practical to enhance both the measurement and

particle orbit accuracies.

Fortunately it has been shown that large dipolar field perturbations can be made
in the air gap without producing other moments. This correction should be performed
azimuthally with a “wavelength” approximately equal to the pole thickness of about 4

inches.

In Fig. 14.2.2 and Fig. 14.2.3 are shown a system to provide simultaneously localized
dipolar correction and also quadrupole correction. This system performs this dual func-
tion with wedges or “shingles” that are inserted in a parallel air gap. The pole can be
machined with parallel horizontal surfaces, which is mechanically attractive. The tapered
wedges provide the wedge angles computed to eliminate the large field gradients. After

measurement of the field, one iteration of angle should be sufficient.

Each 10° pole piece section would contain 12 shingles, each of 4 inch width. Moving the
wedges radially affects the dipole, but not the gradient, permitting a very short wavelength

dipole correction which is essential for azimuthal uniformity.

The wedge or “shingle” gives about a 50/1 demagnification of the dipole perturbation,
that is a horizontal screw adjustment of 50 pm corresponds to - 1 pm of vertical thickness
change of either air gap. A 1 um change in both air gaps results in about a 7 ppm dipole
change so that good azimuthal uniformity is practical. Then the transverse approximation,

probably integrated over 10° (48 inches), can be used for perturbing the various moments.

A detailed engineering design has been made for the radially adjustable wedge struc-
ture. The wedge shingles will be 1 cm thick at r = 0, with a wedge angle of + 0.467cm
/28cm. In fact, the wedge shingles will be 1 ¢m narrower than the 56 cm wide poles. This
will allow for use of non-magnetic fixtures to hold the shingles and to allow a travel of +

0.5 cm horizontally. Construction of the wedges has been largely completed.

The distance of travel corresponds to about 100 pm of gap adjustments on each pole,
which is enough to compensate for the estimated 200 pm total gap variation of the magnet
as assembled. For locations where the dipole field is quite different when initially assembled,
the shingle thickness can be adjusted such that the horizontal travel range is reduced. As
was shown in Table 14.2.6 the effect of a 1 mm change of the air gap, which is equivalent to
a 10 times larger shingle translation than planned, gives a very large (local) dipole change

with only the sextupole moment being above 1 ppm. For the expected changes, which are



Figure 14.2.2: A pole piece, which covers 10° of arc, showing the wedge
configuration in the air gap.

very small compared to these computed values, negligible multipoles will occur and the
correction is a pure dipole.

Table 14.2.8 shows the computed effect of making the wedge shingles 1 cm narrower on
each edge. A quadrupole change of 2.6 ppm occurs, which requires a very slight modifica-
tion of the gradient design angle. All higher terms are completely unchanged. Table 14.2.8
results are for a two centimeter narrower wedge shingle, twice the reduction planned. The
last column shows this has no adverse effect other than requiring slightly higher current to
regain 19 Gauss. Cutting from the outer and inner edges separately in the computations

was done only as an example of linear superposition in the computed results.



Figure 14.2.3: The pole piece cross section showing a wedge in the air
gap.

Table 14.2.9 actually shows the computed results for the planned wedge shingle width
and for a very large radial adjustment. It is clear that it produces very pure (local) dipole
adjustment. After the first iteration of the magnet air gap shims, any additional fine
adjustment should indeed be dipole only so azimuthal variation in the central orbit field

should be quite small.



Table 14.2.8: “Shingle” Edge Variation.

“lcm -lcm -1lcm
ABp/Bo Tnner 6 Outer Both
(4.5 cm) Base Edge inner Edge Edges )
n=1 -13.6 - 18.9 - 5.3 ppm -11.0 + 2.6 ppm -16.2 - 2.6 ppm
2 - 2.0 - 2.7 - 0.7 -1.5 - 2.1 -0.1
3 0.0 0.0 0.0 0.0
4 0.0 0.0 0.0 0.0
5 0.0 0.0 0.0 0.0
6 - 1.0 -1.0 - 1.0 - 1.0
7 0.0 0.0 0.0 0.0
8 - 0.2 -0.2 - 0.2 - 0.2
BO(G) 14557.341 14550.726 - 6.615G 14544.936 -12.405G 14538.285G -19.056
Table 14.2.9: Shingle Radial Movement.
AB, /B, - 0.4 cm® 61 “BASE” 62 -0.4 cm?
(4.5 cm)
n=1 -20.8 -4.5 -16.3 + 3.7 -23.6
2 -3.0 -0.9 -2.1 + 0.7 -3.6
3 -0.1 0 - 0.0 0 -0.1
4 + 0.1 0 + 0.0 0 + 0.1
5 0.0 0 - 0.0 0 + 0.0
6 -1.0 0 -1.0 0 - 1.0
7 - 0.0 0 - 0.0 0 - 0.0
8 -0.2 0 -0.2 0 - 0.2
B, (Gauss) 14.54573 + 7.89G 14.53784 -8.15G 14.54976

¢ - Shingle moved toward back leg yoke.

b _ Shingle moved away from back leg yoke.

14.2.3.

Shimming with Currents

As remarked in §14.2.1 the final shimming from a homogeneity level of 10 ppm or 0.15

G to the level of 1 ppm or 15 mG will be done with current loop pole face windings. The

final configuration of the coils is not yet fixed [4,5,6] but currents up to about 1 A are in

the coils are to be provided.



Current shim coils are a set of 2 x 160 wires at 0.1 inch pitch which go all the way
around the storage ring and are fed at one point with a constant current. Top and bottom
coils will have separate power supplies. currents through the coils will be set after a vacuum
trolley map and kept at these fixed values.

Current shim coils will be placed on the pole pieces (total number = 72) copper con-
ductors on G-10 will be etched or milled. Length of the current shim coils will be equal to
the average pole piece. Connections beetween different current shim coils will be made by
staple type connectors.

Dipole corenctions coils are designed to keep the field constant in 10° section of the
storage ring magnet. The main source of the variation is expected to be the local temper-
ature variations around the ring. This results in small changes int he air gap resulting in
magnetic field variation. The dipole correction coils currnets will be actively feedback by
the NMR to keep the dipole field constant.

Dipole correction coils are pancake design 50 turn coils, wound with a rectangular
9 mils x 90 mils copper magnet wire and mounted between the pole pieces and yoke.
There are a total of 72 dipole correction coils. Top and bottom dipole correction coils are

connected in series to 36 constant current power supplies.

14.2.4. Shimming in the Inflector Region

The design of the inflector was based on the truncated double cosine principle which
minimizes the fringe field by the cancellation of current distributions. In the physical
realization, the designed surface current distributions must be replaced by the SC windings
and hence the cancellation will not be complete due to the discrete wires and manufacturing
tolerances. Furthermore, the winding of the inflector coils will introduce end effects. To
investigate the residual fringe field of the inflector wire models were made and the fringe
field was measured and studied at room temperature by supplying 4 ampere dc current.

The fringe field is a very rapidly varying function of position containing high order
harmonic components and perturbs the integral of the field around the storage ring by
about 7 ppm. To shim this large fringe field, two methods have been studied: the conven-
tional shimming and the superconducting shielding. The conventional shimming is based
on compensation with iron. Due to the requirement of high vacuum in the storage region,
the iron must be located outside the vacuum chamber and hence it would be quite difficult
to correct a fringe field with high gradient. The superconducting shielding is based on the
magnetization property of the type II hard SC material. According to the recent shielding
tests, the SC shielding method appears encouraging. [7]



14.3. Field Measurement

14.3.1. General Considerations

The basic method of field measurement will be the well-known NMR technique which
will permit the absolute measurement of a local magnetic field to a precision of 0.1 ppm,
with respect to the proton magnetic resonance frequency. The NMR technique will be
used for shimming the magnet as well as for measuring and controlling the field during the
experiment.

A movable NMR trolley, equipped with up to 25 probes, will be used at frequent
intervals (perhaps about once a week, depending on the stability of the field) to provide
a detailed map of the magnetic field in the actual storage volume. In addition, 360 fixed
probes will provide a continuous readout of the field in the vicinity of the beam tube and
thus give an on-line monitoring of the field stability. Some of the fixed probes will also be
used in a feedback loop (sec. 14.4) for field control during data-taking. Cross calibration
of the two systems will be provided by a set of several “plunging probes” capable of
insertion into the vacuum beam pipe at appropriate intervals. These plunging probes will

be carefully constructed to serve as secondary standard calibration probes.

14.3.2. NMR System

The experiment will employ the technique of pulsed NMR for the magnetic field mea-
surement. The main advantage of this method over field modulation, which was used
in the CERN experiment, is that no perturbations of the magnetic field are introduced.
The pulsed NMR system is also simpler and more sensitive than the frequency and field
modulation techniques. Several different kinds of NMR probes are needed for the field
measurement:

(1) fixed probes along the ring for field regulation and field monitoring purposes. (2)
probes mounted on a movable trolley - both a shimming trolley and a beam tube trolley,
with the latter movable in vacuum. (3) a few plunging probes as secondary standards for
checking the trolley and fixed probes and for absolute calibration of the beam tube trolley
probes. A system for absolute calibration of NMR probes will be discussed in Sec. 14.3.5.

The pulsed NMR system has been developed at the University of Heidelberg [8] and
tested at LAMPF. The system for absolute calibration of the NMR probes is being provided
by Yale. The Free Induction Decay (FID) signal and its Fourier transform NMR signal

have been observed and studied. Fig. 14.3.1 shows a free induction decay signal from a



Figure 14.3.1: Free Induction Decay NMR Signal of a water sample.

water sample doped with CuS0; and obtained with an RF pulse peak power of 10 watt
and pulse width of about 4 us. Its characteristic relaxation time T is approximately 30
ms and the signal to noise ratio is 320 to 1 at the beginning of the signal. The Fourier
transform signal (Fig. 14.3.2) is observed at approximately 62 M Hz. The linewidth is less
than 40 Hz (about 0.6 ppm) which is mainly due to the relaxation time of the sample.

The NMR probe consists of a water sample in a glass tube, surrounded by an NMR
coil and a tuning arrangement with a variable capacitor and a choke. The water is doped
with paramagnetic salts to reduce the relaxation time 7). Each probe must be shielded

from the other NMR probes. The time for each measurement will take less than 100 ms.



Figure 14.3.2: The NMR signal in the frequency domain.

The NMR probes are shown in Fig. 14.3.3. A typical signal from a shimming probe is
shown in Fig. 14.3.4.

The overview of the NMR magnetic field measurement system is shown in Fig. 14.3.5. A
block diagram of the special VME module and a timing diagram are shown in Fig. 14.3.6.
Multiplexing of the RF pulses and the signal detection is essential to keep the system
practical and elegant. The frequency standard is a LORAN-C receiver with long time



Figure 14.3.3: (a) An NMR probe for the shimming trolley. (b) A fixed
NMR probe. (c) A plunging probe.



Figure 14.3.4: Typical signal from a shimming probe. (a) Full signal
showing the Free Induction Decay. (b) Enlarged display of the first 5 ms.
(c) Noise recorded. (d) Distribution of free noise.

stability of 107!? and short time stability of 1071° (or better). The NMR measurement
is carried out by counting zero crossings of the FID signal in a well measured period of
time. A short (10us) RF pulse of 3 watts is used. The preamplified FID signals will
be brought by cables (of arbitrary length) to the signal detection and data acquisition
electronics where the FID signal will be mixed (hetrodyned) down to the 10 to 50 kHz
range. Provision will be made for the recording of the full FID signal simultaneously for
several proves with flash ADC’s. Fourier transformation of FID signals will be done in

an independent process of the system’s single board computer (68000 series) which runs



Figure 14.3.5: Overview of the NMR magnetic field measurement system.



Figure 14.3.6: Block diagram of NMR specific units and timing diagrams.



inside a multitasking operating system (059 at present). The NMR data histograms are
made in the VME computer memory at any time during the measurements. The raw data
will be transferred to a Microvax using TCP /1P protocol.

The NMR specific unit shown in Fig. 14.3.6 receives the basic clock frequency of 62
MHz from the synthesizer which itself is locked to the LORAN-C frequency standard. It
further receives from the computer a logic pulse FP (stands for “fire pulse”). It sends to
the computer a logic pulse SM (start measurement), the phase sensitively detected and
therefore oscillating FID signal and a signal corresponding to the envelope of the FID called
FIDE. This signal is used by the computer to decide for how long a time it should count the
number of oscillations of the FID and measure their period. All FIDs sent to the computer
with the same initial phase are ensured by SYNC. All components needed for the single
sideband generator (SSG), including quadrature hybrid, four-quadrant multipliers, power
splitters/combiners, have been purchased and two 31 kHz bandpass filters with identical
insertion loss and phase characteristics have been built. The four quadrant multipliers
(Analog devices, model AD 834) have been tested and found to work very well. The
RF-gate consists of a double balanced mixer. A duplexer mimicking quarter wave cable
has been built and tested. This duplexer protects the signal preamplifier from the strong
transmitter pulses and prevents the NMR signal from flowing back into the transmitter
instead of into the preamplifier. The insertion loss in the NMR signal path is only 0.3 dB.
The low signal level isolation from the transmitter is 27 dB. Two 1P6T microwave relay
switches model SR-6C-H for switching between different probes seem to work reliably.
The NMR signal amplifier assembly has an overall gain of 60 dB. The duplexer, switches
and signal amplifier will all be moving around the magnet together with the shimming
trolley which carries the NMR probes. Long low loss cables with high quality shields will
connect the duplexer with the transmitter, and the signal amplifier with the mixing and
FID circuitry housed in a rack outside the ring. The FID signal containing a mixed down
frequency in the range of 10 kHz to 50 kHz will be measured by an NMR counter circuit.

The NMR system has been tested extensively [9] using the Los Alamos superconducting
solenoid running in persistent mode (drift < 107%/h) at a field of 1.7 T where the NMR
signal occurs at approximately 72 MHz. The signal to noise ratio exceeds 320 and the
characteristic relaxation time T? is approximately 13 ms which is close to the 30 ms
intrinsic relaxation time expected for the water sample with the concentration of Cu SO4
used. For the probes tested (shimming, fixed and plunging) the distributions of single
measurements appear to have a standard deviation of below 1.1 10~® of the center NMR
frequency.

The diamagnetic and paramagnetic properties of the carefully chosen materials used

in the probes and probe holders still lead to significant corrections to the measured NMR



frequencies. The probes of the shim system, tested at LAMPF in 1993, differ by up to 0.3
ppm when measuring the same magnetic field. The influence on neighbouring probes by an
individual probe at a distance of about 2 cm is at the level of 0.1 ppm. The complete shim
matrix changes the magnetic field measured by a single probe by up to 1 ppm. Therefore
further systematic studies will be done prior to the absolute calibration of the probe system

to achieve magnetic field measurement at the 0.1 ppm level.

14.3.3. The NMR Trolley

A shimming trolley for the muon (g — 2) ring magnet will be used during the field
shimming process when the beam tube and electrodes are absent. A test shimming trolley
has been made to fit the BNL Test Magnet so that we can test a probe-package and its
electronics. After the shimming the complete beam chamber will be installed.

Our final plan is to map the magnetic field in situ during the experiment in order
to obtain the necessary precise and detailed measurements of the field throughout the

muon storage region to a precision of 0.1 ppm. To this end we will use a beam tube trolley

carrying 25 NMR probes around the muon beam path when the chamber is under vacuum.
In this manner we will obtain a map of the magnetic field over the beam cross-section at
any azimuthal position. We envisage having a field map of a 2 cm x 2 cm grid. The
trolley carrying the NMR probes and the associated electronics is shown schematically in
Fig. 14.3.7. The beam tube trolley is designed so that it fits the space without hitting
the potential barriers such as electrodes, inflector, detectors, tracking wire chamber, and
kicker. It will also make the full 360° around the ring. The trolley when parked will be
completely out of the vacuum beam pipe using a gate valve for vacuum isolation. Because
of the beam tube design and the positions of the detectors, the trolley length will be 50
cm.

Fig. 14.3.8 shows the schematic drawing of the externally driven NMR trolley. It will
be moved using a long 50 () coax cable which runs around the ring. The cable will be
driven by two piezo electric motors operating two drums onto which the cable will be
wound. Vacuum compatibility and mechanical strength of the cable were tested and are
considered satisfactory. The trolley garage is shown in Fig. 14.3.9.

Electric power and NMR data can be transferred using the driving cable, which will be
electrically split at the trolley. NMR data will be collected serially, which means that only
one of the probes will be running at any given time. Data acquisition and data transmission
will be controlled by a microcomputer on board the trolley. The NMR data will be fully
digitized and transmitted via one of the coax cables. The reference frequency needed for

the precise NMR measurements and the necessary 5 V dc power will be brought to the



Figure 14.3.7: NMR Beam Tube Trolley.

trolley on the second cable. Voltages of -5 V and 12 V will be generated on the trolley using
coils with nonmagnetic components. For precision monitoring of the azimuthal position,
an optical encoder reading a bar code on the bottom of the mounting frame will record

the position to better than 1 mm.



Figure 14.3.8: The drive system for the beam tube trolley. A coaxial
cable is used to drive the beam tube trolley. In addition to providing dc-
power for the on-board electronics, the cables are used to communicate the
reference frequency and the NMR measurement results between the trolley
and the control room. Both ends of the cable are used.

14.3.4. Radial Field Measurement

In order to achieve a dominantly vertical magnetic field, to limit the vertical excursions
of the beam, and for the measurement of the muon electric dipole moment, the radial field
in the ring will be shimmed to be smaller than 50 ppm. Corrections to the radial field will
be made by tilting the pole pieces and by using the pole face current shims.

We will measure the radial field with a vertically oriented search coil mounted on a
rotatable platform on the shimming trolley. The platform will be leveled with spirit levels
(both “bubble” and electronic). The radial field will be measured by integrating the search
coil voltage while it is rotated 180 degrees about a vertical axis. The coil does not need
to be precisely vertical as long as the rotation axis is vertical which is achieved by precise
leveling of the platform using the spirit levels.

The search coil will have an area of 100 cm? and about 15 turns giving the r