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Abstract

We propose to measure the anomalous magnetic moment of the positive muon aµ down to the

level of 0.1 ppm with a novel technique utilizing an ultra-cold muon beam accelerated to 300 MeV/c

and a 66 cm diameter precision magnetic storage ring without focusing field. The beam will be

also useful in measuring the electric dipole moment with the improved sensitivity better than two

orders of magnitude. The proposed measurement will provide a rigorous test of the Standard

Model of particle physics as demonstrated by previous experiments. Our measurement will be

complimentary to the previous measurement that achieved 0.54 ppm accuracy with the “magic“

energy of 3.1 GeV in a 14 m diameter storage ring. This proposed experiment will have very

different systematics from the previous experiment as well as the Fermilab proposal.

∗Co-contactperson : Masahiko Iwasaki (masa@riken.jp)
†Contactperson : Naohito Saito (naohito.saito@kek.jp)
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I. OVERVIEW

1. Muon g − 2 and fundamental physics

The anomalous magnetic moment of the muon is directly sensitive to the electromag-

netic, strong, and weak forces and has been calculated to a precision of 0.41 parts per

million from known physics, referred to as the Standard Model. Suggested extensions

of the Standard Model (SM) would modify the muon g − 2 prediction. These include

models with supersymmetry and extra gauge and Higgs interactions. In effect, the SM

prediction of the muon anomalous magnetic moment represents a sum of all known

physics, and a definitive disagreement between experiment and theory signals the pres-

ence of new physics beyond the SM. Likewise, the agreement between experiment and

theory would strongly constrain or eliminate many possible extensions of our present

theoretical understanding of the basic forces of nature.

TABLE I: Current theoretical evaluation of the muon g − 2 and its experimental result.

QED contribution 11 658 471.810 (0.016) ×10−10 Kinoshita&Nio [1]

Electro-Weak contribution 15.4 (0.2) ×10−10 Czarnecki et al. [3]

Hadronic contribution

LO hadronic 689.4 (4.0) ×10−10 HLMNT prelim.[2]

NLO hadronic -9.8 (0.1) ×10−10 HLMNT prelim. [2]

light-by-light 10.5 (2.6) ×10−10 Prades, de Rafael

& Vainshtein [4]

Theory TOTAL 11 659 177.3 (4.8) ×10−10

Experiment 11 659 208.9 (6.3) ×10−10 world average [5]

Exp. − Theory 31.6 (7.9) ×10−10 4.0σ discrepancy

2. Current Status of Muon g − 2

The advance of the spin direction vs. momentum for the muon in the magnetic field

of a storage ring is directly proportional to the anomalous magnetic moment, aµ =

(g−2)/2. The present experimental value for muon g−2 is from the E821 experiment at

BNL, which achieved a sensitivity of 0.54 parts per million [5]. This measured value, aµ

= 0.001165 92080 (54) (33), and the calculated theoretical value, aµ = 0.00116591773
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(48), disagree by more than 3 standard deviations1: aµ(expt.) - aµ(theory) = 31.6

(7.9) ×10−10. The E821 experiment used a 3.1 GeV muon beam stored in a 1.5 T

storage ring of 14 m diameter. The muons were confined in the ring using electrostatic

focusing, employing the ”invention” from the previous CERN experiment of selecting

the muon energy so that the focusing field does not contribute at first order to the

muon spin precession in the storage ring, referred to as the ”magic” energy. The

measurement of g − 2 requires two separate measurements to great precision: the

muon spin precession frequency, and the magnetic field. We note that although the

present significant disagreement with the Standard Model from the muon g−2 is from

the measurement of a single experiment, E821 carried out the measurement using a

”double blind” approach, keeping the measurement of the precession frequency and

that of the field separate until the completion of each analysis. It is worth noting that

the series of measurements from E821, for each running year, each determined using

the double blind approach, agree.

3. Spin Precession Measurement

The muon produced from pion decay is naturally polarized along the momentum

direction as a result of the V − A weak interaction. The spin orientation, or the

magnetic moment will follow its momentum direction, when it is stored in the presence

of static field, ~B and ~E. The anomalous magnetic moment aµ will provide an additional

precession whose precession vector ~ωa is expressed as

~ωa = − e

mµ

[
aµ

~B −
(

aµ − 1

γ2 − 1

) ~β × ~E

c

]
. (1)

Since aµ ∼ α/(2π) ∼ 0.00116, a choice of “magic” energy, γ = 29.4 would reduce the

above formula to an extremely simple form, ~ωa = −e/mµ · aµ
~B. Therefore, precision

measurement of ~ωa in the precision field ~B will provide precision determination of aµ.

It should be noted that the same simple formula will be obtained also by eliminating

the ~E-field in the above formula.

4. A New Experiment

We believe that it is valuable to launch a new experiment to measure this fundamental

1 We present a recent evaluation by K. Hagiwara, R.Liao, A.D. Martin, D. Nomura, and T. Teubner,
presented at Phipsi09 [2].

8



quantity with a completely new experimental technique, thus providing a completely

independent measurement. Figure 1 displays the expected sensitivity of this experi-

ment. The goal for this new experiment is to reach 0.1 parts per million sensitivity. We

will discuss the value of this measurement, whether or not new physics is discovered

at the newly started LHC. The discovery of supersymmetry at the LHC, for example,

coupled with the muon g− 2 measurement, provides a sensitive measurement of tanβ,

the ratio of the vacuum expectation values of two Higgs doublets. We emphasize,

however, that the precision measurement of a fundamental quantity like the magnetic

moment of a fundamental particle has its own intrinsic value.

FIG. 1: Newly expected “wiggle plot” from this proposed experiment.

5. Ultra-Cold Muon Beam and Ultra-Precision Magnetic Field

We propose to use the very high intensity of the new J-PARC accelerator to produce,

in a sequence of steps, a very cold highly polarized high intensity muon beam, at

320 MeV energy. By using ultra-cold muons, with almost no transverse dispersion,

the muons can be stored for the duration of their lifetime without requiring a focusing

field. Therefore, one is not forced to use the 3.1 GeV ”magic” energy used by E821 at
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BNL, and we have chosen an energy a factor of ten smaller. Using a 3 T magnet, the

storage ring will be 66 cm in diameter, rather than the 14 m diameter of E821. There

are significant advantages to use a much smaller ring, and significant disadvantages

to use much lower energy. All of the experimental techniques will be different from

E821. The field uniformity of the storage ring should be excellent, following technology

developed for MRI magnets. We are planning a solenoid ring with spiral vertical

injection of tightly bunched muons, kicked into orbit with a magnetic kicker. The

cyclotron period will be 7.4 ns vs. 149 ns for E821. Positrons from muon decays will

spiral in the field and be tracked using an array of radial vanes made up of silicon

detectors. For E821, the positrons were detected using calorimeters. The systematic

uncertainty issues for the two experiments will be very different.

6. Laser Ionization of Muonium

The cold muons will be produced by the following sequence. The J-PARC 3 GeV

proton beam, running at 25 Hz, will hit the Muon graphite target in the M2 tunnel at

Material and Life Science Facility (MLF), and produce pions which will be stopped in

the target. Those π+ that stop on the surface of the target decay to 4 MeV µ+, which

will be collected using a large aperture ”capture” solenoid, and transported using a

second solenoid, to a second target. The transported 4 MeV ”surface muons” will stop

in the second target, and form µ+−electron atoms, muonium (Mu). The Mu atoms

behave like hydrogen atoms and diffuse from the target. It is important that this

target be at room temperature (300 K ∼ 25 meV) so that the Mu atoms drift slowly.

Silica-aerogel is a likely candidate target to maximize the diffusion. A special new

pulsed laser will ionize the muonium atoms within a few cm of the target, producing

very cold, polarized, muons. A small electric field will begin the acceleration of the

cold muons. The polarization of the muons from muonium is naturally 50%.

However, we plan to study the use of a magnetic field to align the Muonium spins

and obtain much higher polarization. The muons are then accelerated by two linacs

to reach 320 MeV.

The expected transverse dispersion of this beam is 10−5. The expected cold muon

intensity is 4 ×104/pulse, in a 1 cm diameter spot.

7. R& D for the Ultra-Cold Muon Beam
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The production of the very high intensity, highly polarized, ultra cold muon beam is a

major challenge. Surface muon signals have already been observed from the M2 Muon

target with flux that is equivalent to or better than RAL-ISIS. The room temperature

muonium production target must be selected, with well-understood characteristics of

the spacial distribution of the muonium atoms drifting downstream of the target. A

silica-aerogel target is promising. This system is to be studied and optimized in an

experiment at TRIUMF this year (proposed). The required Lyman-α laser, needed to

ionize the muonium atoms, is designed and a CLBO (CsLiB6O10) crystal is being grown

for this laser at RIKEN. This system is to be tested and optimized in an experiment at

Rutherford Laboratory this year (proposed). The laser requires 100 times the power

of previous lasers at this energy. The purpose of the measurements at Rutherford is

to confirm the anticipated flux of ultra-cold muons, where we expect a linear gain in

flux with laser power. This must be experimentally demonstrated.

We propose to use linac designs following existing linacs at J-PARC. The linacs used to

accelerate the cold muons are essentially a proton-type linac at lower β using a Drift-

Tube Linac (DTL), and an electron-type linac (disk-loaded type with pitch adjusted

for β) at higher β.

8. Polarized Muon Source

Obtaining as high a polarization as possible is important, with the sensitivity of the

measurement proportional to the square of the muon polarization.

The polarization of the surface muon is nearly 100% as it is naturally polarized from

pion decay. The muon picks up an unpolarized electron at muonium protudcion target

to form a muonium (hydrogen-like atom which consists of a muon and an electron).

The polarization of muon is kept when the muon spin and electron spin are parallel

in the muonium, while the polarization is lost when they are anti-parallel. Since the

proposed laser beam can not distinguish those muonim states, the net polarization of

the ultra-slow muon is 50%.

There is a possibility of further improvement in the polarization by either applying

a longitudinal magnetic field of ∼0.3 T or using a narrow band laser to sweep away

depolarized muons. Studies on such a possibility are necessary, and are in progress.

11



9. Muon Storage

A study of the muon trajectory for the storage solenoid and the vertical spiral injection

is shown in Figure 2. An actual coil configuration is being studied in collaboration

with a private company as displayed in Figure 3. An anti-Helmholz type kicker with

150 ns pulse full width (half-sine) and 1.3 Gauss is being studied to store the muons.

The beam of muons will be in a 2 ns long (full width) bunch with ∆p/p = 10−3. At

the beginning of the g − 2 measurement, we expect to have 4 ×104 muons, 320 MeV,

6.6 µs lifetime, with a transverse dispersion of 10−5. In order to match the early and

late muon decay acceptance in the detectors we are considering a very small confining

quadrupole field of field index of order 10−5.

FIG. 2: Preliminary design of the muon injection into the solenoid storage ring. One eighth of the

iron yoke (black and green) is displayed without coils and kickers. The injected muon trajectory

is also shown.

10. Detection of Decay Positrons

Radial vanes of silicon detectors will track the decay positrons. A study for this

detector is shown in Figure 4, which includes a positron track. Positrons will be

measured over 5 muon lifetimes, 33 µs. At early time, we will have on average ∼7

positron tracks per 7.4 ns turn. If we have a 50 ns detector pulse width, effectively

12



FIG. 3: One of the examples from the current field calculation studies for the muon storage solenoid

is displayed. The iron yoke is not implemented in these field studies, but simulated with the coils.

Details of the coil configuration for the main field is under study.

there will be ∼50 spiral tracks that should be either reconstructed or rejected as being

compromised by pileup. The pileup requirements are determined by the pileup effect

on early to late reconstruction differences for the energy and time of the events. The

detectors and signal widths are being designed to deal with the very high rates at

early times in the measurement. Our present scheme is to use 5 cm × 10 cm silicon

strip detectors with 0.2 mm pitch. The 39 ms time gap between fills would be used to

select hit windows in the detector data, zero-suppressing the rest. Each vane would

consist of two detectors covering an area of 20 cm radially × 40 cm vertically, with

two dimensions of readout. We plan 32 vanes. The total number of strips would be

96K.

11. Statistics and Required Beam Time

As mentioned above, we have chosen a lower muon energy for the storage ring for the

13



FIG. 4: A muon decay event is displayed together with the preliminary version of the detector

design.

precession measurement. The statistical sensitivity of the frequency measurement is

estimated as
δωa

ωa

∼ 1

γ

1√
Ne+P 2

µA2
, (2)

where Ne+ , Pµ, and A denote the number of detected positrons from muon decays,

muon polarization and the analyzing power, respectively. The analyzing power would

depend on the energy cut in the analysis. A 0.1 ppm measurement requires a run of

1×107 seconds with a surface muon flux of 4×108µ+/sec. This statistical sensitivity

assumes reaching a muon polarization, Pµ of 0.9. For the minimum polarization of 0.5,

the 0.1 ppm statistical sensitivity requires 4×107 seconds. There is no question that,

particularly with completely new production and detector schemes, this measurement

14



will require a significant learning curve. A 0.5 ppm measurement (statistical) will be a

very significant initial goal, making a strong impact on the physics, since this statistical

sensitivity is identical to the previous measurement, E821. This step requires 1.6×106

seconds (< a month) of running, for a muon polarization of 0.5.

12. Consideration on Systematics

The identification, control, and measurement of the systematic uncertainties are the

cruxes of the muon g−2 measurement. These will be quite different for this experiment,

compared with E821. We introduce this discussion by reproducing the E821 system-

atic uncertainty tables for the spin precession and magnetic field measurements, with

remarks and estimates for this experiment at J-PARC. Table II presents the uncer-

tainties and remarks for the spin precession measurement. The estimates and remarks

for this experiment are based on the current design of the experiment, which is still

in an early stage. We attempt to identify the major issues, and have approaches to

control and measure these systematic uncertainties.

TABLE II: Systematic uncertainties for ωa. Details are discussed in Sec. X.

Source of uncertainty E821-R01 (ppm)[5] This experiment (ppm)

Pileup 0.08 <0.05(goal)

AGS background < 0.1 0.0

Lost muons 0.09 <<0.09

Timing shifts < 0.1 <<0.1

E-field, pitch <0.1 <<0.1

Fitting/binning <0.1 <<0.1

Coherent Betatron Oscillation 0.07 0.00

Gain changes 0.12 <<0.1?

Others – –

Total (ωa) 0.21 0.07 (goal)

13. Precision Measurement of the Magnetic Field

Table III presents the uncertainties from E821 for the magnetic field, and estimates

for this experiment and remarks. The main difference for this experiment is that the

15



small storage ring size allows construction of a single magnet structure and local non-

uniformity should be at a 1 ppm level, compared a local non-uniformity at a ±50 ppm

level for E821 (across the joints of the 36-sector pole structure of the 14 m diameter

magnet). Even so, E821 achieved an uncertainty in the integrated field (the field that

the muons saw) of 0.17 ppm. The uncertainty for J-PARC should improve on this.

TABLE III: Systematic uncertainties for B.

Source of errors E821-R01 (ppm)[5] This experiment (ppm)

Absolute calibration of standard probe 0.05 0.05

Calibration of trolley probes (field mea-

surement on the muon trajectory)

0.09 <0.09

Trolley measurement B0 0.05 <0.05

Interpolation using fixed probes 0.07 <0.07

Uncertainty from muon distribution 0.03 <0.03

Inflector fringe field uncertainty 0.00 0.00

Others 0.10 –

Total syst. error on ωp 0.17 <0.07(goal)

14. Cost Estimate

Here we give a cost estimate. This is very preliminary without engineering designs,

but we will give the basis for each number.

• Surface muon transport

The surface muons produced at the production target will be transported to the

experimental hall for muonium production. The first capture solenoid should

be made radiation resistive. Therefore, the cost estimate is based on the cur-

rent conceptual design which requires 960 m of minerally insulated coil (MIC).

The super conducting curved solenoid is assumed for further transport line to

maximize the transport efficiency. In addition, the area should be shielded very

carefully. Detailed cost estimate requires more detailed facility design, which is

the next step.

• Laser Ionization of Mu

16



The laser for this experiment is being prepared at RIKEN.

• Muon LINAC

The current design assumes significant overlap in design with the existing J-PARC

LINAC. This approach is expected to reduce the cost of the LINAC.

• Ultra-precision magnet and monitor

The current design of the magnet resulted in the stored energy of ∼30 MJ. We

are working on the reduction of the energy. A major cost driver for the magnet

would be person-power to achieve the required precision. Since the magnet is the

heart of the experiment, we will work out the details with the in-house experts.

Consequently, the cost would be minimized.

• Detector

We currently assume a silicon detector for the tracking detector for muon decays.

It would be followed by the absorber/calorimeter.

TABLE IV: Preliminary estimate of the cost of this experiment.

Item Cost (Oku-yen)

Surface Muon Transport Facility

Ultra-Cold Muon Source

High-power Laser System 3.0

Initial Acceleration System 0.5

Muon LINAC 15

Ultra-precision Magnet

Solenoid 10

Field Monitor 1

Detector System

Silicon Tracker 1.5

Readout Electronics 0.5

TOTAL 32 + Facility

15. Schedule

We intend to start the experiment in 2014. There are four major areas of activities: the

17



ultra-cold muon source, the ultra-cold muon beam, the ultra-precision field, and the

detector system. Especially the development of the muon source represents a major

challenge. We plan to perform a test experiment at TRIUMF to optimize the muonium

production target in 2010. In parallel, we plan a test experiment at Rutherford with

a newly developed high-power laser system.

The Muon LINAC can be constructed in two years, and be commissioned together

with the source.

We have started a conceptual design of the ultra-precision field employing technology

developed for MRI. We expect to have an engineering drawing in a year so that con-

struction would start in about one year. The measurement scheme with NMR probes

is being developed at this time. A test of this technique at 1.5 T is planned, followed

by a test in a 3 T magnet at National Institute of Radiological Science (NIRS). A

reasonably long commissioning time is allocated for the magnet, since it would be one

of the most time-consuming processes to shim the magnet to sub-ppm level.

The physics production run should be divided into a few phases at least; the first step

would be to reach the precision of the E821, and then further improvements would

follow.

16. Comparison with BNL-E821, Fermilab Proposal, and This Experiment

There is a proposal submitted to Fermilab PAC [6] to continue the measurement with

the g − 2 ring of BNL-E821. We believe such efforts should continue as well as the

new efforts which we are exploring. Expected precisions and experimental parameters

are summarized in Table V.
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FIG. 5: Preliminary schedule of the efforts towards the experiment.

TABLE V: Comparison of the previous experiment BNL-E821, Fermilab proposal, and this exper-

iment.

BNL-E821 Fermilab This Experiment

Muon momentum 3.09 GeV/c 0.3 GeV/c

γ 29.3 3

Storage field B = 1.45 T B = 3.0 T

Focusing field Electric Quad. none/very weak

# of detected e+ 5.0×109 1.8×1011 1.5×1012

# of detected e− 3.6×109 − −
Statistical precision 0.46 ppm 0.1 ppm 0.1 ppm
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† † † † †

In the following sections we describe in more detail each of the above points, including

some that have not been mentioned above. We are excited about the possibility of measuring

such a fundamental physics observable, with a completely new approach that takes full

advantage of the new J-PARC accelerator. We believe that this measurement will have

lasting impacts.

We request support for the development of this challenging experiment.
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II. PHYSICS OF MUON g − 2

The anomalous magnetic moment of the muon, aµ has been measured with ever increasing

precision for more than a half-century and served as a solid testing ground for the Standard

Model of particle physics. aµ is defined from the magnetic moment ~µµ and its spin vector ~s

as

aµ =
g − 2

2
, where ~µµ = g

e~
2mµ

~s. (3)

The magnetic moment is parallel to the spin, since spin is the only directionality that an

elementary particle can have. The value of the magnetic moment, equivalently the anomalous

part aµ can be calculated very precisely from the standard model, including electro-weak

and QCD corrections. Representative diagrams for these contributions are displayed in

Fig. 6. Therefore, a precision measurement of aµ can test the total sum of all known physics

contributions directly. If any significant deviation is found, it would suggest an existence of

new physics.

FIG. 6: Representative diagrams contributing to aSM
µ . From the left to right: first order QED

(Schwinger term), lowest order weak, lowest order hadronic contributions.

Differently from the electron magnetic moment, which is measured to 0.28 ppt(parts-per-

trillion) and is used for the most precise determination of the fine structure constant, α,

the muon magnetic moment is more sensitive to new physics thanks to its larger mass by a

factor of ∼200. In many extensions of the SM, the sensitivity is proportional to m2
l so that

the muon is more sensitive than an electron by a factor (mµ/me)
2 ∼ 4× 104. In the case of

the tau lepton, possible new physics contributions can be even larger, however, it is difficult

to store in a ring to measure its magnet moment due to its short life of ∼3×10−13 sec.

Therefore, the muon is in a unique position to probe possible new physics contributions

through precision measurements.
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A. Experimental Situation

The most recent experiment to measure aµ and dµ, E821[5] at Brookhaven National

Laboratory (BNL), has measured aµ down to 0.54 ppm2, and constrained dµ down to ≤
1.9 × 10−19e · cm. The obtained value has been compared to the most updated predictions

of the Standard Model, and aµ exhibits significant deviation of ∼4 sigma [2], while the dµ

limit is still required to be improved to be comparable to the limit from the electron with

the lepton universality. Obviously further clarification is required to conclude the discovery

of new physics contribution for aµ and further improvement is required for dµ.

FIG. 7: “The wiggle plot” from the previous experiment, E821 at BNL. The figure is adopted from

Ref.[5].

2 The experiment measured both positive and negative muons separately to 0.70 ppm. Quoted precision of
0.54 ppm represents the combined results assuming CPT invariance.
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B. Theoretical Situation

After the publication from E821, there have been many theoretical activities to investi-

gate the implication of the possible new physics to explain the deviation. For example, a

possible effect on charged lepton flavor violation (cLFV) is discussed in Ref.[10]. Further-

more, implications on the electric dipole moment are also discussed in Ref.[11]. These show

that studies of flavor structure in the lepton sector is important, especially in the light of

leptogenesis.

C. Principle of the g − 2 Measurement

The anomalous part aµ has been determined from the precession frequency ~ωa of the

anomalous part of the muon magnetic-moment in the ultra-precision magnetic field, ~B. Since

the decay positron tends to be emitted in the spin polarization direction of the muon, the

orientation of the magnetic moment can be determined by selecting higher energy positrons.

Figure 7 clearly displays oscillation in the number of such positrons and the oscillation

frequency is |~ωa|.
The ~ωa in the static magnetic field ~B and static electric field ~E is expressed as

~ωa = − e

mµ

[
aµ

~B −
(

aµ − 1

γ2 − 1

) ~β × ~E

c

]
, (4)

and in the presence of the electric dipole moment, an additional rotation would be obtained

as

~ωη =
e

mµ

[
η

2

(
~β × ~B +

~E

c

)]
, (5)

where η is related to ~dµ as

~dµ = η
e~

2mµ

~s. (6)

Experiment will see their vector sum, ~ωa +~ωη. The Lorentz factor γ can be chosen to cancel

the second term in Eq.(4) to a good precision. Previous precision measurements have been

performed based on this concept namely at the magic momentum, pmagic.

aµ − 1

γ2 − 1
= 0 →





γmagic = 29.3

pmagic = 3.09 GeV/c
(7)

This choice was unavoidable in the previous measurements for following the reasons:
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1. muon beam is produced from pion decays in flight and widely spread in the phase

space.

2. therefore, focusing field is required to keep reasonable fraction of the beam in the

storage ring.

3. the focusing has to be provided electrically; if magnetic, the precession due to aµ would

depend on each muon trajectory.

4. precision control of the electric field in addition to the magnetic field would be chal-

lenging. With an approximate cancellation of the electric field by choosing magic γ,

the level of required precision would becomes accessible.

This basic concept of the experiment is so beautiful that the experiment is often referred to

as a textbook measurement.

The muon beam as a tertiary beam, however, provided some complications in the previous

experiment. The muon beam was contaminated by residual pions which damage the early

time of the precession measurements in each injection by providing “flash” into the detector

system. Since the measurement was based on the calorimetry of decay electrons/positrons,

pile-ups of signals originated in “flash” was certainly not welcomed. In addition, muons

cannot be fully stored in the ring basically due to its large phase space which originates in

the decay kinematics and beam line acceptance. The coherent betatron oscillation of the

muon beam originating in the focusing field provided additional systematics related to the

muon orbits.

The previous experimental group, E821, has done their very best to reduce these sys-

tematic uncertainties. As a result, their measurement was statistically limited. There is

an effort to continue this beautiful experiment at Fermilab by moving the existing muon

storage ring from BNL. We believe that the proposed Fermilab experiment[6] should run

to further improve the precision as a continuation of great efforts made on the experiment.

However, we think it is necessary to launch a new experiment to measure this fundamental

quantity with completely new techniques, and hence with different systematics.
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D. New g − 2 Experiment

We propose to measure the muon g − 2 without the focusing field by employing ultra-

cold muon beam, where the transverse momentum dispersion, σ(pT ) is significantly smaller

than its longitudinal momentum, pL. It is easy to see that such a beam can circulate in the

storage ring without the focusing field for the duration of the measurements. Elimination

of the electric field would simplify the precession frequency as

~ωa + ~ωη = − e

mµ

[
aµ

~B − η

2

(
~β × ~B

)]
. (8)

Since the rotation axes due to aµ and dµ are orthogonal, separation of these signals should

be possible. As will be described in detail, we aim to measure aµ down to 0.1 ppm, and

search for an EDM with a sensitivity of 5×10−22 e · cm.

Differently from the beam storage for collider experiments, where the beam has to circu-

late for millions of turns, muon precession measurements requires only several thousands of

turns because of its short life. For example, we consider the case with

σ(pT )

pL

∼ 10−5, (9)

with the B = 3 T and p = 300 MeV/c, which corresponds to r = 33.3 cm. Five times its

dilated lifetime corresponds to travel length of 8.3 km, or about 4,000 turns. The beam

spread due to the transverse momentum dispersion in Eq.(9) is 83 mm after 4,000 turns,

which can be easily accommodated in the storage field.

Such an ultra-cold beam can be produced from an ultra-cold muon source, where cold

muons are produced from the resonant laser-ionization of muonium (Mu). The kinetic energy

of the Mu is ∼25 meV (momentum∼ 2.3 keV/c), when produced at room temperature. If we

could accelerate them to 300 MeV/c without further increase in the transverse momentum,

the condition (9) is satisfied. Since we have no electric field, the ~β× ~E term in Eq. (4) does

not exist so that any momentum can be “magic” momentum.

While higher momentum is helpful in prolonging the life of muons, lower momentum

is beneficial in reducing the size of the experimental apparatus, and hence the cost of the

experiment. However, the most important benefit emerges from the fact that such a small

magnet for a muon precession measurement can be made in one piece enabling us to control

the field very precisely. Thanks especially to the recent advances in the magneto-resonance
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imaging (MRI) technology, the precision monitoring and control of the magnetic field of

∼1 m diameter has reached to 1 ppm precision. This precision can be compared to a local

magnetic-field precision of the previous measurement, ∼100 ppm while the field precision

integrated over full azimuth was better than 1 ppm[5].

As will be described later, the statistical precision of the measurements would depend on

the γ factor as
δω

ω
∝ 1

γ
. (10)

The lower value of γ has to be compensated by larger statistical samples, which we expect

from the high beam power (∼1 MW) envisioned at J-PARC.

FIG. 8: Newly expected “wiggle plot” from this proposed experiment.

E. The Standard Model Prediction and the hadronic term

We briefly describe the current status of the standard model prediction. Especially we

discuss the hadronic term evaluation, which represents the largest uncertainty in the pre-

diction.
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One of the largest contributions to ahad,LO
µ comes from the 2π final state (about 73%)

making high-precision measurements of the corresponding cross section mandatory. CMD-

2 reported their results on the pion form factor Fπ from 370 to 1380 MeV [18] with a

systematic error of 0.6-0.8% below 1 GeV, while SND measured Fπ from 390 to 970 MeV

with a systematic error of 1.3% [19]. KLOE studied Fπ using the method of radiative return

or ISR [20, 21] at 590 <
√

s < 970 MeV with a sample of 3 · 106 events and systematic error

of 0.9% [22]. The |Fπ| values from CMD-2 and SND are in good agreement. The KLOE

data are basically consistent with them with a somewhat different energy dependence. The

contributions to aµ from all three experiments agree. First results on the 2π from BaBar

show a slightly larger cross section [23].

Below 1.4 GeV practically all final states have been measured with consistent results by

the CMD-2 and SND groups in Novosibirsk [24]. Above 1 GeV, various final states with

more than two hadrons were studied by BaBar [25] using the ISR method. They measure for

the first time cross sections of a few new channels and also show that some of the previous

results should be reconsidered.

The results of the ahad,LO
µ evaluation based on Ref. [2] are presented in Table II E for

different energy ranges.

TABLE VI: Updated ahad,LO
µ according to Ref. [2].

√
s, GeV ahad,LO

µ , 10−10

mπ − 1.43 603.8± 3.1

1.43− 2.0 34.1± 1.5

2.0− 11.1 41.4± 0.9

J/ψ, ψ′ 7.9± 0.2

Υ(1S − 6S) 0.1± 0.0

11.1−∞ 2.1± 0.0

Total 689.4± 3.6exp ± 1.8rad

It can be seen that due to a higher accuracy of e+e− data the uncertainty of ahad,LO
µ is

now much smaller than before [12, 17].
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The most recent estimate of the next-to-leading order (NLO) hadronic term in [2] gives

ahad,NLO
µ = (−9.8 ± 0.1) · 10−10. The light-by-light hadronic contribution is estimated only

theoretically [27]. Various predictions range between 80 and 136 (in units of ·10−11) with an

uncertainty reaching 40 · 10−11.

Using for the light-by-light term the result (10.5± 2.6) · 10−10 [4] and adding all hadronic

contributions, we obtain ahad
µ = (690.1 ± 4.8) · 10−10. This result agrees with other esti-

mations, e.g.,[32] and its accuracy benefits from the new e+e−data. Adding all theoretical

contributions we obtain ath
µ = (11659177.3 ± 4.8) · 10−10, i.e. 4.0σ below the experimental

value [2]. Similar deviation is reported by Ref. [32].

How real is a very high accuracy of the leading-order hadronic contribution obtained

above? To a large extent it depends on our understanding of the radiative corrections due

to initial-state radiation and vacuum polarization, and even more important effects of final

state radiation. There is also a question of double counting of the hadronic final states in the

leading- and higher-order hadronic terms [29], that of the missing states (e.g., final states

with neutral particles only).

There is still no explanation for the observed discrepancy between the predictions based

on τ lepton and e+e−data [17]. The new high-statistics measurement of the two-pion spectral

function by Belle [30] leads to about the same ahad,LO
µ as before despite some inconsistencies

between Belle and ALEPH. On the other hand, a recent comprehensive analysis of the

e+e−data below 1 GeV and those on the 2π decay of the τ lepton performed in Ref. [31]

shows that the two data sets can be reconciled if mixing between the ρ, ω, φ mesons is taken

into account in a consistent way. A recent reevaluation of isospin-breaking effects in [32]

somewhat decreases the discrepancy, see Fig. 9. According to it, the difference between the

τ and e+e−-based estimates is (6.8± 3.4τ+IB ± 2.9ee) · 10−10 or 1.5σ only.

Finally, the authors of Ref. [33] performed a reestimation of ahad
µ after BaBar’s ππ data

and increase of aexp
µ by +0.9 · 10−10 (CODATA changed µµ/µp). The new difference between

the experimental value and the theoretical prediction becomes (24.6 ± 8.0) · 10−10 or 3.1σ,

see Fig. 9.

What is the future of this study? It is clear that it will be extremely difficult to

improve significantly the existing accuracy of ahad,LO
µ by measuring the cross section of

e+e−annihilation to better than 0.3% as required by future determinations of aµ mentioned

above. One can optimistically expect substantial progress from new high-statistics ISR
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FIG. 9: Comparison of aµ from theory and experiment [2].

measurements at KLOE, BaBar and Belle together with the more precise determination of

R below 4-5 GeV from CLEO-c and BES-III. Experiments will start soon at VEPP-2000

now commissioning, which is a VEPP-2M upgrade up to
√

s=2 GeV with Lmax = 1032

cm−2s−1 [34]. We can estimate that by 2012 the accuracy of ahad,LO
µ will be improved from

4.0 · 10−10 by a factor of about 2 and the total error of 3.3 · 10−10 will be limited by the LBL

term (2.6 · 10−10).

Let us hope that progress of theory will allow a calculation of ahad
µ from first principles

(QCD, Lattice). One can mention here a new approach in the QCD instanton model [35] or

calculations on the lattice [36].

In conclusion, it should be emphasized once again that BNL success stimulated significant

progress of e+e− experiments and related theory. Improvement of e+e− data led to substan-

tial decrease of the ahad,LO
µ uncertainty. For the first time the accuracy of the theoretical

prediction is better than that of the experimental measurement. Future experiments as well

as development of theory should clarify whether the observed difference between aexp
µ and
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ath
µ is real and what consequences for the Standard Model and for possible New Physics [37]

it implies.

F. Muon g − 2 in the LHC Era

In the end of this section, we briefly mention the importance of this experiment in the

LHC and post-LHC era. One could argue that most of the new physics scenarios can be

studied at LHC. Indeed, the most popular interpretation of the deviation from the Standard

Model observed by the previous experiment is supersymmetry, and it can be studied very

well at LHC, if the energy scale turns out to be appropriate. However, important parameters

in the model such as µ and tanβ cannot be determined very well. The muon anomalous

magnetic moment aµ is sensitive to these parameters through following expression;

aµ(SUSY) ≈ (sgnµ) 13× 10−10tanβ(
100GeV

m̃
)2. (11)

The sensitivity to tanβ is compared to that of LHC experiments in Fig. 10.

However, we emphasize that it represents only one of the possible strengths of this mea-

surement. The precision measurement of the fundamental quantities like magnetic and

electric dipole moments of elementary particles has its own value.
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FIG. 10: Possible future tanβ determination from the measurement of aµ, assuming that the

MSSM reference point SPS1a is realized [6, 9]. The yellow band is from LHC alone which gives

tanβLHC−fit = 10.0 ± 4.5 [7, 8]. The darker blue band labelled E821 assumes ∆aµ = (295 ±
81) × 10−11, which comes from the present values for aµ and the Standard-Model contribution,

the lighter blue band labelled FNAL corresponds to ∆aµ = 295(34) × 10−11, which has similar

sensitivity projection to the proposed experiment at J-PARC.
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III. SURFACE MUON PRODUCTION AND TRANSPORT

A. Proton beam from RCS

The J-PARC has been constructed in the south part of the Tokai-JAEA (Japan Atomic

Energy Agency) site, and consists of a 181 MeV LINAC (400 MeV in future), as well as

3 GeV and 50 GeV proton synchrotron rings. About 90% of the 3 GeV, 333 µA (1.0 MW)

beam is sent to the Materials and Life Science facility (MLF) for the production of intense

pulsed neutron and muon beams, while the remaining 10% will be sent to the 50 GeV ring

for further acceleration for the kaon and neutrino physics programs [38] The 3 GeV proton

beam is transported through the beam transport line (the 3NBT line) over a distance of

about 300 m and focused onto the 24 mm diameter muon target with a spot size that is as

small as possible. The parameters of the 3 GeV proton beam are:

1. the number of protons will be 8.3 × 1013 / pulse,

2. the average beam power will be 0.6 MW, while the LINAC energy is runing at 181 MeV,

and will reach 1 MW in the future when the LINAC energy is increased up to 400 MeV

(expected in 2014),

3. the repetition rate is 25 Hz, so that each pulse is separated by 40 ms. One proton

pulse consists of two bunches; each with a bunchwidth ∼ 100–120 ns, and separated

by 600 ns, and

4. the transverse emittance (ε) will be 81π mm mrad (beam core) and 324π mm mrad

(maximum halo).

B. Muon Target and Surface Muon Production

The MLF consists of the neutron and the muon science facilities which utilizes the 3 GeV,

1 MW, 25 Hz proton beam. In order to reduce the total cost of the project through common

use of the utilities, getting rid of the severe beam dump construction associated with high-

level tritium water handling, and by sharing the beam with the neutron facility, a tandem-

target muon facility was adopted, rather than construct a separate building with our own

proton (1 MW) beam dump, as was the case in KEK-MSL.

32



Through discussion with the neutron science group, the total beam loss induced by insert-

ing the muon production targets is designed to be no more than 10%, which allows MUSE

to install 10 mm and 20 mm thick graphite targets on the beamline upstream of the neutron

target, corresponding to a beam loss of 3.5% and 6.5%, respectively. Detailed calculations

on heat, radiation and duct-streaming in the vicinity of the muon target were performed by

NMTC/JAM and MCNP Monte-Carlo codes [40]. In the case of the 20 mm thick graphite

target, as much as 3.5 kW is deposited into a 25 mm diameter region of the target through

irradiation of the 3 GeV, 1 MW proton beam.

One possible candidate for the muon production target is a rotating carbon target, which

has been developed at PSI and has been working well for more than ten years [39]. In the

end, an edge-cooled non-rotating graphite target was adopted, because of its ease of handling

during maintenance. In this target, graphite is indirectly cooled by the copper frame, which

surrounds the graphite. For the graphite material, the isotropic graphite, IG-43 was chosen,

which has a thermal conductivity of 139 W/mK, 1.82 g/cm2 density at 300 K, thermal

expansion of 4.8 ppm/K, Young’s modulus of 10.8 GPa, and Poisson’s ratio of 0.28. In the

copper frame, three turns of cooling pipe, a SUS tube with O.D. 12.7 mm and I.D. 10.7 mm,

are embedded through HIP (Hot Isostatic Press). In order to reduce stress, a titanium buffer

layer of 2 mm is placed between the graphite disk and the copper frame. The copper frame,

the 20 mm thick graphite, and the titanium buffer layer are bonded by silver brazing in

vacuum.

Calculations of the heat and stress induced by the heat deposit of the 3.5 kW beam

through ANSYS demonstrate that the edge-cooled graphite target can be used safely as the

1 MW muon production target. Detailed calculations of the neutron irradiation effect on the

thermal conductivity and the thermal stress induced by the proton beam will be reported

elsewhere [41].

One graphite target was installed, from which four sets of the secondary lines are extracted

and extended into two experimental halls (toward the west wing, one decay-surface muon

channel and the super omega channel, and towards the east wing one surface muon channel

and possibly one g − 2 dedicated muon channel).

Muons (µ+/µ−), together with neutrinos, are a decay product of pions (π+/π−). Through

the pp or pn nuclear reactions between the 3 GeV proton beam and the 20 mm thick

graphite target, π+ and π−) are generated. Experimentally, two kinds of muon beams are
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produced and delivered to experiments; one is the Decay muon beam, and the other is

the Surface Muon beam. Decay muons are obtained from π+/π− decaying in-flight in a

long superconducting solenoid magnet. Its energy is rather higher at up to ∼165 MeV

(250 MeV/c). On the other hand, surface muons are obtained when π+ decay after stopping

at the surface of the production target. Therefore they have a lower kinetic energy of around

4 MeV (30 MeV/c), and only positive muons are available.

C. Surface Muon Yield at J-PARC

A surface muon beam is produced when positive pions are stopped near the surface inside

the production target and decay to muons. The surface muon intensity can be estimated

from the number of pions stopped near the surface. Calculation was done utilizing the

measured data of pion production cross section and tracking of pions with GEANT 3.21.

In order to reduce the CPU time, instead of starting from the proton beam, we generated

the pions according to an empirical differential cross section equation (generator) which ap-

proximates the data taken for the 2.9 GeV proton on a beryllium target [42]. The generator

equation was also compared with the recent pion production cross section data taken by

HARP collaboration at CERN [43] in Fig. 11 and it was confirmed that the generator repro-

duces the HARP data reasonably well within 20% for low energy regions below 100 MeV.

We are concerned mostly with pions with energy below 50 MeV, since the range of a 50 MeV

pion is 10 g/cm2 (4.5 cm) in graphite. Higher energy pions are less likely to be stopped in

the target and would have only a small contribution to surface muon production. Even so,

pions up to 500 MeV were handled for completeness.

We assumed that the pion is produced uniformly along the proton beam path in the

target, since the proton interaction length is much larger than the target thickness. We

also assumed the proton beam distribution is uniform inside the 24 mm diameter in the

production target.

By integrating the generator equation for various angles and for pion energy up to

500 MeV, the total cross section for the positive pion production is about 90 mb. It is

calculated from this cross section that the total yield of positive pions is about 0.010 per

3 GeV proton passing through the 2 cm (4.5 g/cm2) thick graphite target. This number is

converted to 2.0 x 1013 positive pions generated for the 333 µA proton intensity at J-PARC.
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FIG. 11: Comparison of pion production differential cross section used in the pion generator (solid

line) and that of HARP data (symbols and dotted lines).

FIG. 12: Target geometry and proton beam size used for the calculation.

About 2 x 107pions (1/106 of the above number) were generated in the simulation to

study how many of those pions are stopped near the target surface. The energy and angle of

each pion was generated following the distribution of our pion generator as described above.

The tracking of the pions, pion interaction in the target, their decay to muons, and the

tracking of muons were handled by GEANT 3.21.

Only pions that stopped inside the production target near the surface will contribute

to the generation of surface muons, so the number and depth distribution of the stopping
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pions is the basic information. Figure 13 shows the number of π+ stopped in each depth

region of 0.1 mm steps in units of Million/sec. The area is limited to inside 24 mm radius.

For example it can be seen that 11,000 M π+ are stopped within 0.2 mm (2 bins in the

figure) from the backward surface. The number of pions stopping in the forward surface is

9,500 M and is about 15% smaller. The figure also shows that the number of pions stopping

near the surface is about half (although not exactly) of those in the middle plane. This is

because stops in the middle have contributions from pions produced in closeby forward and

backward regions, while those stopping at the forward (backward) end are caused by pions

that were produced toward the downstream (upstream) only.

FIG. 13: π+ stopping distribution in the production target along the beam path. Only pions that

are stopping inside 24 mm radius around the center are included. Units for number of π+ are M/s.

Figure 14 shows the horizontal distribution in the target. It is seen that the main con-

tributions are from inside the 24 mm diameter region which is directly hit by the proton

beam. There are also pions stopping outside, which amounts to 40% of those inside.

The stopped pions decay to muons, some of which are emitted into the vacuum region
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FIG. 14: Horizontal distribution of pions stopping in the production target. Only pions stopped

within 0.2 mm from the backward surface (black) or the forward surface (red) and within ±5 mm

vertically from the center level are plotted (see the dashed square in Fig. 12). The model is

symmetric around the proton beam axis, so a similar distribution is expected for the vertical

direction.

if they are within 1 mm of the target surface. The muon energy when it exits the target is

lower as the pions decay deeper inside. Concerning the pions that stopped within 0.2 mm

from the surface, if the muon is emitted in the direction normal to the target surface, its

momentum when it exits the target ranges from 27.3 MeV/c to 29.8 MeV/c. The number

of expected surface muons is calculated from the solid angle and momentum acceptance of

the beamline. We should take into account that the actual beam line sees the production

target surface at an angle. The effective depth contributing to the surface muon production

shrinks by the cosine of the emission angle, namely by 0.71 and 0.50 for muon beamlines

seeing the target at 45 degrees and at 60 degrees, respectively. The suggested g−2 beamline

is at 60 degrees backword from the proton beam direction.
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TABLE VII: Comparison of the expected muon beam intensity for three surface muon beamlines

Beamline D-line SuperOmega H-2 line

Extraction Angle (degrees) forward 60 backward 45 forward 60

Pion stops per mm thickness (106/s) 47,500 55,000 47,500

Solid Angle (msr) 45 400 130

Momentum Acceptance (MeV/c) 27.5-30 25-30 25-30

Maximum depth for usable pion (mm) 0.2 cos(60 degrees) 0.4 cos(45 degrees) 0.4 cos(60 degrees)

Expected Surface Muon Rate (106/s) 17 390 100

Let’s compare the estimated production rate with the measured surface muon rate re-

cently measured at the MLF Muon D-line, which sees the production target at 60 degrees

backward from the proton beam. The design value of the D-line solid angle is 45 msr and

the momentum acceptance is around 10 % FWHM. The momentum acceptance corresponds

to covering the surface muons made from pions that are stopped within 0.2 mm from the

surface. The fact that the beamline sees the production target at 60 degrees reduces the

available thickness to 0.1 mm. Thus we expect from our pion production simulation that

the surface muon beam rate will be 9,500 M/s × (0.1/0.2) × (0.045/4π) = 17 M/s, A recent

measurement has observed the surface muon rate to be around 15 M/s (the measured rate

is normalized to 1 MW proton intensity). Thus it is reasonable to use the above simulation

result for estimating the surface muon intensity at a new channel.

The surface muon intensities for other beamlines are estimated from the simulation in

a similar way. We compare the expected number of surface muons for three beamlines in

Table VII. Here, we note that we expect the surface intensity of 108/s at the H-2 beamline.

D. Capture solenoid and muon transport

The strategy of transporting surface muons to the muonium production target through

the H-2 beam line is very similar to that of the super omega beam line. Figure 15 shows the

schematic picture of the H-2 beam line. Firstly, the produced surface muons are captured by

the solenoids called ”capture solenoids”. Then they are transported along the H-2 tunnel by

the super conducting transport solenoids, and finally focused on the muonium production
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target.

FIG. 15: Schematic picture of the H-2 beam line.

The capture solenoids in the current design consist of three types of normal conducting

solenoids. The schematic view of the capture solenoids is shown in Fig. 16. The solid angle

acceptance of the capture solenoids is 130 msr, which is determined by the φ250 mm pillow

seal for the beam port located at 555 mm distance from the production target. The capture

solenoids are located very close to the production target and must have high radiation

resistance, thus they are made of mineral insulation cables (MIC).

FIG. 16: Schematic picture of the capture solenoids. The blue lines represent trajectories of

30 MeV/c muons.

The transport solenoids consist of a 30◦ 5-segment curved section and a 4.5-m-long
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straight section. The diameter of the transport solenoids is 400 mm. The typical strength of

the magnetic field is around 1 T at the center of the solenoids. In the middle of the transport

solenoids the dipole fields in both horizontal and vertical directions will be implemented to

align the beam position on the center of the downstream focusing coils.

Between the capture solenoids and the transport solenoids a gate-valve pillowseal is

placed, which enables us to detach the transport solenoid for maintenance without spoiling

the vacuum upstream. We propose to use a φ250 mm gate valve, and in that case about

10% of the muons will be lost at the gate valve. The total transport rate of the capture and

transport solenoids for the 30 MeV/c surface muons is around 80% including the focusing

section.

The transported muons have to be focused on the muonium production target. We are

considering using two large superconducting coils. The inner diameter of the coils is 740 mm,

and the interval between the two coils is 800 mm. Achieved beam size in the current design

is σx ' σy ' 15 mm as shown in Fig. 17. We are now optimizing the design of the focusing

section considering following points.

1. Making the beam size smaller is important to maximize the number of muoniums in

a region for the laser ionization.

2. The focus length in the current design is 300 mm. It is too short if we have to place

the vacuum disconnecting device between the focus coil and the muonium production

target.

3. Some magnetic field is present at the muonium production target. If this creates a

problem, we will place a field-canceling coil.

The Super Omega beam line in the muon facility plans to use the similar configuration

of the surface-muon transport which consists of capture solenoids and transport curved-

solenoids. The capture solenoids have already been constructed and installed in the target

area. The tests of the transport solenoids have been in progress. There is a synergy in

development of the beam line components and optics design since the beam line configuration

is similar to that of the proposed experiment. Therefore, time and cost for the R&D for the

beam transport can significantly be saved in collaboration with the muon facility group at

the MLF.
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FIG. 17: Horizontal and vertical distributions of the muons at the focus point.

E. Summary

The muon facility has been constructed and operated in the MLF at J-PARC. The pro-

posed experiment utilizes a beam line in the muon facility. The surface-muon intensity from

the graphite target is expected to be 108/s at the H-2 beam line. The muon transport utilizes

capture and transport solenoids to transport the surface muon to the muonium production

target.
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IV. ULTRA-SLOW MUON PRODUCTION

A. Overview

1. Development of the Low-emittance Muon Beam

We plan to create muonium atoms using the 4.1 MeV surface muon beam, in a room

temperature muonium production target. The muonium atom will be ionized by a new laser

system to provide the intense ultra-cold ionized muon source required for the proposed g−2

experiment at J-PARC. This plan is based on work at Rutherford Appleton Laboratory

(RAL) and developed jointly by KEK, RIKEN [45, 46]. There, we have utilized the fact

that thermal muonium with mean kinetic energy of only 0.2 eV can be produced in vacuum

with an efficiency of several per cent by stopping the muon beam in a hot tungsten foil [44]

or in SiO2 powder [47]. Then thermal muonium atoms can be ionized by intense laser radi-

ation, leaving very cold polarized bare muons to be re-accelerated. Recently the conversion

from a 4.1 MeV muon beam to a 10 keV muon beam using this laser ionization method

was achieved at the RIKEN-RAL muon facility, with an efficiency of about 3×10−5 [46].

Although the efficiency achieved is as low as other methods to provide slow muons, and the

scheme has an extra complication due to the operation of the laser system, it has huge po-

tential. The ionization efficiency of muonium atoms depends only on the laser intensity and

can theoretically be as high as 100%, which would result in a conversion efficiency to slow

muons of a few per cent. The energy spread as well as the divergence of the re-accelerated

beam is far smaller than other methods of producing cold muons.

In following sections, we describe the slow muon beam line at the RIKEN-RAL muon

facility, then describe plans to improve the efficiency of the scheme to match our requirement.

2. Slow muon beam line at RIKEN-RAL muon facility

The slow muon setup at RIKEN-RAL muon facility consists of a laser system, an ultra-

high vacuum target chamber (for production of muonium atoms), a beam line (slow muon

beam optics).

a. Muonium target Figure 18 shows the layout of the target chamber and the slow

muon beam line. The initial muon beam with momentum of 28 MeV/c enters the target
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FIG. 18: A experimental layout of the slow muon beam line at RIKEN-RAL muon facility

chamber through a 50 µm thick stainless window and a 20 µm thick tungsten foil, and is

stopped inside a 45 µm thick tungsten foil heated by DC current up to 2100 K. The area of

the tungsten foil is 40 mm (W) × 35 mm (H). The total thickness of the foils is optimized

to stop the largest fraction of the incident muons near the rear surface of the hot tungsten

foil, which results in efficient emission of muonium atoms.

b. Laser system and ionization of muonium The binding energy of the electron in

muonium is 13.6 eV. The muonium can be efficiently ionized through two-photon resonant

ionization via its 2P state. This requires using two laser beams of different wavelengths.

Firstly, for the strongly allowed transition from the 1S to 2P state, tunable radiation around

122 nm (Lyman-α) is required. Then for the ionization from the 2P state, a wavelength

shorter than 366 nm is required.

Figure 19 shows a schematic diagram for the laser system. The 122 nm radiation is gen-

erated through a two-photon resonant sum-difference frequency mixing scheme in a phase-

matched krypton gas. This conversion scheme requires two laser beams; one at 212.55 nm
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FIG. 19: A schematic diagram for the laser system used at the RIKEN-RAL muon facility

which is matched to a two-photon resonance in Kr, the other at tunable wavelength from

815 nm to 855 nm. This added complication pays off for the following reasons. Firstly it

gives a high conversion efficiency (∼10−4), compared to conventional third harmonic gen-

eration in gaseous media. Second, the tunability of the output wavelength allows one to

ionize not only muonium, but also residual hydrogen and deuterium atoms in the target

chamber. This provides a useful tool for testing the beam line. Lastly, the bandwidth of

the output can be customized by using a properly selected infra-red laser. In this setup, the

bandwidth of the output was set to be about 180 GHz in order to cover the Doppler width

of the thermal muonium from the tungsten foil heated to 2,000 K. For the ionization from

the 2P state, the 355 nm laser beam generated as the third harmonic of a Nd:YAG laser is

used.

The most crucial part of the laser system is an optical parametric oscillator (OPO) laser
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TABLE VIII: Summary of the laser output parameters at RAL

Wavelength 355 nm 212.55 nm 815–855 nm 116–123 nm

Pulse duration 10 ns 4 ns 12 ns ∼4 ns

Pulse energy 380 mJ 10-12 mJ (×2) 12 mJ (×2) ∼0.5 µJ (×2)

Bandwidth 30 GHz <2 GHz 180 GHz 180 GHz

pumped by frequency-doubling Nd:YAG lasers, which generate single longitudinal mode

(SLM) 850 nm wavelength. The output is amplified to high pulse energies in Ti:Sapphire

amplifiers, and then converted to 425 nm and then to 212.5 nm by BBO crystals. High

quality of the 850 nm laser beam results in high quality and intensity of 212.5 nm, which in

turn increases the pulse energy of the Lyman-α wavelength. The current output parameters

of the laser system are summarized in Table VIII.

The laser system is operating at a repetition rate of 25 Hz, not the 50 Hz of the muon

repetition rate at the RIKEN-RAL muon facility. This limitation is due to strong thermal

effects associated with operating high power solid laser systems. Otherwise, the laser system

has good long term stability. Stable 24 h/day operation can be sustained for up to 20 days,

limited mainly by the lifetime of flashlamps used in Nd:YAG lasers.

The two Lyman-α beams are shaped by focusing optics to have a width of only 1–2 mm

in the horizontal plane and about 5–8 mm in the vertical plane, and introduced parallel to

the tungsten target at about 5 mm from the target surface. The 355 nm beam is introduced

from the top at 30 degrees from the Lyman-α beams and is shaped to have a width of 3 mm

by 25 mm. All laser beams are retro-reflected to maximize the ionization yield. Since the

retro-reflecting mirrors are placed at a distance of 0.5 m, the width of the ionizing pulse is

effectively broadened from 4 ns to 7 ns. The overlap of the Lyman-α and 355 nm beams

defines an interaction region where muonium atoms are ionized. The volume of the region

is approximately 1 cm3.

c. Slow muon beam line The slow muons generated by the laser ionization are initially

extracted by a low gradient electric field between the tungsten foil held at 9.0 kV and a mesh

electrode S1 held at 8.8 kV, separated by 14 mm. S1 is the first of three elements forming

an SOA immersion lens, which re-accelerates the slow muons to 9.0 keV as well as focuses

the muons to a spot of 2.5 mm (FWHM). The muons are then transported by electrostatic
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FIG. 20: A beam profile of 9 keV muons at the sample position

quadrupoles, a bending magnet, and an electrostatic deflector, to the sample position at the

end. A position-sensitive microchannel plate detector (Roentdek DLD40) can be mounted

at the sample position to measure the beam properties.

d. Beam parameters Figure 20 shows the beam spot of the re-accelerated 9 keV

muon beam at the sample position. While the FWHM diameter of the incident 4 MeV

muon beam is 35 mm, the FWHM diameter of the re-accelerated 9 keV muon beam is about

10 times smaller. The superior quality of the re-accelerated beam can be also seen in its

time-of-flight (TOF) spectrum shown in Fig. 21.

While the incident muon beam has a double-pulse structure consisting of 80 ns pulses

separated by 320 ns, the Gaussian fit to the TOF spectrum yields FWHM pulse duration of

7.5 ns. Compared to the effective width of ionizing pulse of 7 ns, the energy variation of the

re-accelerated beam is very small. The main source of the energy variation is the width of

the ionization region, which is of the order of 2 mm (FWHM). The difference in electrostatic

potential over the 14 mm gap between the tungsten foil and S1 is kept at 200 V, which

means that the 2 mm width of the ionization region contributes to the standard deviation of

the muon energy by ∼13 eV. Taking into account other factors, such as the uneven distance
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between the foil and S1 due to bending of the heated tungsten, the standard deviation of the

re-accelerated beam is estimated to be approximately 14 eV. This estimation is consistent

with the measured µSR asymmetry in a 40 nm thick Al layer on SiO2 substrate [46].

With the current laser parameters, we observed ∼15µ+/s at the sample position, which

corresponds to an overall conversion efficiency of 3×10−5. The number of available muons

is far below that required for the g − 2 experiment.

There are three main issues to be addressed to use this scheme for the proposed g − 2

experiment. Firstly, we need to increase the intensity of the incident muon beam. This

can be achieved by constructing an all-solenoid muon capture and transport beam line at

the MSL facility. Secondly, we need to study the way to produce muonium more efficiently.

Lastly, we need to increase the ionizing laser power for muonium. Our measurements show

that improvement of the yield can be expected from increases of the pulse energy of the

122 nm and 355 nm beams (Fig. 22). Especially it is worth noting that the power of

122 nm (∼1 µJ/pulse) is still below the saturation intensity of 1S–2P transition. In order to

address this challenge, we propose to build a new laser system, based on a newly developed

Nd:GdVO4 laser.

In following sections, we first describe a new muonium production scheme under con-

sideration, then describe the new laser system we propose to build. Then the muonium

polarization of the re-accelerated muon beam will be discussed, and last, the initial acceler-

ation scheme as a front end to the g − 2 accelerator/storage complex will be discussed.

FIG. 21: A time-of-flight spectrum of 9 keV muon beam detected by a MCP at the sample position
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FIG. 22: Dependence of the efficiency of slow muon generation on the laser energies

B. Muonium Production

1. Muonium Production Target Materials

Since the transverse momentum is an essential factor in the ultra-cold muon beam for

the new muon g − 2 experiment, we will use a room temperature muonium production

target. The average momentum of the muonium at room temperature is 2.5 keV/c. If this is

kept in the transverse direction during acceleration to 320 MeV, the ratio of the transverse

momentum to the beam momentum is 10−5.

As described above, hot tungsten was used as a muonium production target at RIKEN-

RAL. An alternative would be to use silica powder which is known to produce muonium in

vacuum with thermal energy at room temperature. There have been several measurements

on muonium production from silica powder. The reported efficiency (per incoming muon)

for muonium production appers to be about 3% for 27 MeV/c incident muons. Thus, the

efficiency of muonium emission is similar for hot tungsten and silica powder.

The production of muonium in vacuum from silica powder was actively studied in the
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1980s [47–49]. Muonium is formed with about 60% probability inside silica powder parti-

cles [50] and is emitted from the particles with 97% probability [51]. The nominal particle

radius is as small as 3.5 nm (Cab-O-Sil EH-5 fumed silica), and can be larger depending on

the grade. Diffusion through the voids between particles at thermal speeds allows migration

of the polarized muonium atoms over distances of the order of 0.3 mm within the powder

in the muon’s lifetime. If we form a thin layer target with such powders, the muonium

may escape the surface of the layer with significant probability, of order 20% for a layer of

thickness 0.3 mm [47–49].

There are other advantages in using a room temperature target such as silica powder

rather than high temperature targets. Due to the reduced thermal velocity of muonium, the

resonant line for muonium excitation has a smaller Doppler broadening and also the spatial

spread of muonium in vacuum is smaller, so we can use the given laser power much more

efficiently.

2. Proposed muonium production target search at TRIUMF

Although it is a strong requirement from the muon g − 2 experiment to use a muonium

production target at room temperature, the use of silica powder as the production target

has several practical difficulties. Firstly, the powder must be supported by a surface that is

not vertical, while most of the beamlines are designed to extract beam horizontally using an

electric field. The horizontal spread of muonium in vacuum in the tilted target geometry is

larger and the difference in electric potential that each ionized muon feels would widen the

beam energy spread. Secondly, we need flatness of the target surface at the mm level so we

can fire the laser beam through the vacuum region as close as possible to the target where

the muonium density in vacuum is the largest. Since powder targets present challenges in

both cases, we hope to find a self-supporting (solid) sample which has a similar or even

better yield of muonium.

Silica aerogel is one candidate. Previous measurements on silica aerogel, made 20 years

ago, found a very low emission rate (about 1/4) compared with that from silica powder.

We expect that more uniform aerogel is now available, for example that used for Cerenkov

counters, where the density of the aerogel has been finely controlled to change the refractive

index.
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We are planning a measurement at TRIUMF for several muonium production targets.

The measurement aims at 1) testing several new materials and 2) studying the muonium

emission model more precisely. We expect to improve our understanding by systematic

measurements on various samples. We propose to image the muonium position with wire

chambers. We stop muons in the sample, and detect muonium atoms which emerge from

the surface of the sample by tracking positrons from muon decay. Since the ratio of the

number of emitted muonium atoms to the number of muons staying in the sample is rather

small, we need a position resolution better than the typical separation of the muonium from

the sample. Since the thermal velocity is of the order of 5 mm/µs and the time duration is

of the order of the muon lifetime (2.2 µs), we need a position resolution of several mm. For

this purpose, we plan to use wire chamber tracking.

3. Spatial distribution of muonium in vacuum and overlap with laser

In order to ionize the muonium efficiently with lasers and collect the muons with ex-

traction optics, it is necessary to know the spatial distribution of the muonium and how it

develops with time after muon stopping. We are using a diffusion model which was suc-

cessful in analyzing the previous experiments at TRIUMF. It assumes the motion of the

muonium is diffusion like in the silica layer and it freely moves after emission in vacuum

with a velocity following a Maxwellian distribution at room temperature. It also assumes an

emission angle following a cos θ distribution, which results from the maximum depth from

which a muonium atom with a given mean free path can exit at a given angle θ from the

normal.

Figure 23 shows the result of the diffusion model. The distribution of the muonium

position in vacuum (distance from the target surface) is plotted at various timings after the

muon stopping. This figure can be used to determine the best timing for the laser shots as

well as the region to be covered by the laser beam. Let us assume we shoot the laser at a

distance of at least 1 mm from the target surface and that the laser beam is spread for 5 mm

in the z direction, giving the best timing of around 400 nsec from the second beam pulse

and 1000 ns from the first pulse. In this condition, about 25% of all the emitted muonium

will be inside this region.

The two Lyman–α beams used in the RIKEN-RAL experiment had a beam size of 1–
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FIG. 23: Simulated result based on the diffusion model. Each profile shows the muonium distri-

bution in vacuum at variuos timings after muon stopping.

2 mm in the horizontal plane and about 5–8 mm in the vertical plane, thus the two beams

together covered about 2 mm2. It would be possible to increase the laser area to 5 mm ×
40 mm and still have 10 times more luminosity, because the total power of the new laser is

designed to be 100 times larger. So it would be possible to ionize most of the muonium in

the irradiated region.

C. Laser System

To ionize the muonium atoms we will apply two photon absorption by muonium in

the ground state: vacuum ultraviolet (VUV) laser light centered on the wavelength of the

Lyman-alpha (Ly-α) line of the muonium atom photoexcites muonium to the 2p state, then

another UV photon (360 nm or shorter) removes the electron. To generate the Ly-α laser

light we utilize the two-photon resonant four-wave mixing process in gaseous Kr atoms by

pumping in 212.55 nm light (ω1) to excite it from the bound state to the 4p55p state by
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two-photon absorption, then 820 nm light (ω2, tunable 815 ∼ 850 nm) generates the Ly-α

light by difference frequency generation (Fig. 24). In this method the key issue is how to

increase the power of the Ly-α laser to be sufficient for the target slow muon production.

Generation of high intensity VUV is difficult because of an absence of a non-linear frequency

conversion crystal in wavelength shorter than 200 nm. Therefore historically researchers ap-

plied the optical conversion processes in gaseous atoms, such as Kr, Xe, and Hg, to generate

coherent light in VUV region. However the conversion efficiency has always been an issue

in this method. Conversion efficiency was measured to be ∼10−4 to 10−5 with power output

10 µJ/laser pulse at most, even though the Ly-α is such an important wavelength. Here we

set our goal to be 100 µJ, 1 ns, 80 GHz spectral width, and 25 ∼ 50 Hz repetition rate of the

pulsed Ly-α output by having high-intensity pump lasers (especially ω1), and a conversion

efficiency of 10−3 by performing experiments and simulations to find the best conditions for

this wavelength conversion process.

1. ω1 and ω2 laser

The VUV generation in Kr occurs in a range of the so-called small-signal gain where

the conversion efficiency is proportional to P 2
1 P2, where P1 and P2 are the laser power

for ω1 and ω2 respectively. To achieve the above-mentioned goals, it is estimated that

both P1 and P2 need to be approximately 100 mJ/pulse when the pulse duration is

1 ns. A light source of 100 mJ/pulse of 212.55 nm at 50 Hz (when synchronized with

the muon source at RIKEN-RAL) already sounds challenging, but it is technically

feasible by utilizing the following laser system:

(a) ω1 laser system

i. fundamental for the ω1 laser

To generate high-intensity 212.55 nm laser light we utilize the 5th order

harmonic of 1062.75 nm (fundamental), which is an output of a distributed

feedback laser diode (DFB-LD) that enables oscillation at the single longitu-

dinal mode with narrow linewidth (∼2 GHz). The fine tuning on the central

wavelength of the DFB-LD by changing the LD temperature is very impor-

tant in this application because the two-photon resonant absorption in Kr

has a well-defined excitation energy. Since the LD has relatively short optical

cavity length, it has less jitter and the temporal shape of the input electric
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current directly appears as the laser output. Therefore it is possible to change

the laser repetition rate and pulse duration just by controlling the electric cir-

cuit. To obtain sufficient power for the ω1 laser it is necessary to have enough

power of the fundamental, which we estimate to be approximately 1 J/pulse

considering the conversion efficiency of the nonlinear crystal. To amplify the

seed output from the DFB-LD we consider the multiple amplification stages

as shown on Fig. 25.

ii. Fiber amplifier

The seed output from the DFB-LD is first amplified by the fiber amplifier

to an order of 10 µJ /pulse. For the non-linear wavelength conversion it is

important to keep the linear polarization and large extinction ratio, and to

avoid the spectral broadening due to the self-phase modulation in the fiber

medium. Currently we have completed the DFB-LD and amplification stages

up to this point with the expected output energy (10 µJ /pulse).

iii. Regenerative and Multi-pass amplifier

The second amplification stage is a regenerative amplifier with Nd:YGAG

crystal as a gain medium, which resembles the traditional Nd:YAG crystal

but has Ga substituting part of the Al atoms, so that the central wavelength

is tuned to the target wavelength (1062.75 nm). Currently this part is under

development. If the amplification turns out to be not sufficient with the re-

generative amplifier only, we will consider an additional multi-pass amplifier.

iv. Nd:GdVO4 single pass amplifier

Finally the pulse train is amplified by a single pass amplifier with a

Nd:GdVO4 crystal as the gain medium which our collaborators have recently

developed [52]. Its gain spectrum is peaked at 1062.9 nm with 2 nm band-

width, so it can amplify our fundamental very close to the center of its

spectrum. If the amplification turns out to be still not sufficient we will add

one more stage for further amplification.

v. Non-linear wavelength conversion

The amplified fundamental pulse (1 J, 1 ns pulse duration) is now converted

to 1 by the nonlinear frequency conversion system as show in Fig. 25. We
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utilize an LBO crystal for the second harmonic generation and CLBO crystals

for the 4th and 5th order harmonic generation, with a goal of 10% for the

conversion efficiency (thus 100 mJ/pulse of 212.55 nm). An important point

here is the use of CLBO crystals, which gives high conversion efficiency,

although a low damage threshold has prevented it from being practical. We

have studied the characteristics of the crystal in detail and found an approach

for long-term stable operation.

(b) ω2 laser system

For the ω2 laser we use the DFB-LD as an oscillator in a similar way as for the

ω1 laser system, and then amplify the output pulses by the optical parametric

amplification (OPA) with an LBO crystal. In this case the pump laser for OPA

is a portion of the second harmonic generated during the ω1 process described

above (subsection 1(a)v). Our goal here is 100 mJ, 1ns pulse duration of 815 ∼
850 nm. This output level should not be so difficult because the technology is

more established in this wavelength region.

2. Ly-α laser light generation using Kr gas

Both the ω1 and ω2 lasers are collimated and incident on a gas cell for the Ly-α laser

light generation. The gas cell contains Kr and Ar gas by a constant fraction for the

wavelength conversion. Here Ar is necessary to satisfy the phase-matching condition,

∆k = 0, where k indicates a wave vector and ∆k = kLy−α - (2kω1 + kω2). Since Kr

has negative dispersion in the wavelength of Ly-α, it is necessary to have Ar to give

a positive dispersion so that the system has a solution for ∆k = 0 and to achieve the

best conversion efficiency. Unfortunately there was no work so far that systematically

studied the conversion efficiency as a function of the relevant parameters, such as

the partial pressure ratio, absolute pressure, beam intensity, and so on. We need

to start by measuring some fundamental optical parameters such as the third-order

susceptibility of Kr at Ly-α wavelength, therefore it requires a serious R&D to achieve

10−3 conversion efficiency. We have started doing experiments and simulations at a

laser laboratory in RIKEN-Wako. We are planning on finishing the Ly-α laser system

during the second half of 2010 and installing it at RIKEN-RAL for the experiment of

slow muon production.
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D. Spin Polarization

1. Muon spin in muonium

Muonium is a bound state of a muon and an electron. Its hyperfine splitting between the

spin singlet state and the triplet state has been measured as νHFS(= 2πωHFS) = 4.463 GHz [53].
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Suppose the incident surface muon is 100% polarized, and the electron it captures is

unpolarized, then half of the muonium ensemble is formed in the state where the spin of

the electron is parallel to that of the muon, denoted as | + +〉, and another half of the

ensemble is in the state with spin anti-parallel, |+−〉. Since the |++〉 state is a spin-triplet

energy eigenstate, the total spin of muonium and the muon spin are stationary. Therefore,

the muon polarization in the | + +〉 state is kept. On the other hand, the | + −〉 state is

not an energy-eigenstate, but a mixture of a spin singlet and a triplet states. The | + −〉
state oscillates to the | − +〉 state in a time scale of 1/(4.463 GHz) = 0.224 ns [54]. The

average thermal velocity of the muonium at room temperature is 8 mm/µs. It takes at least

a hundred ns for muonium to diffuse/drift to the region of the laser beam (about 1–2 mm

from the target surface). Therefore, by the time muonium is ionized, the | + −〉 state and

the | − +〉 state are equally populated, resulting in zero polarization of the muon. Since

the initial ensembles of the | + +〉 and the | + −〉 states are equal, the polarization of the

ultra-slow muon is (100% + 0%)/2 = 50%.

2. Possible recovery of polarization

Two possibilities of recovery of muon polarization are being considered.

a. Longitudinal magnetic field If the magnetic field is applied in parallel to the initial

muon polarization, total muonium spin is no longer a good quantum number. In the limit

of the strong magnetic field, the spin component along the magnetic field becomes a good

quantum number. Thus, the muon spin in the | + −〉 state will also be “locked”. The

dependence of the muon polarization Pµ with the magnetic field strength B can be written

as [54]

Pµ =
1 + 2x2

2(1 + x2)
, (12)

with

x =
(geµe + gµµµ)

2~ωHFS

B = 13[T−1]B. (13)

Figure 26 shows Pµ as a function of B in the region 0<B < 0.5 T. The muon polarization

increases from 50% to 96% with a longidudinal magnetic field of 0.3 T in the region of the

muoninum target and laser ionization.
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FIG. 26: Muon polarization in muonium as a function of the londitudinal magnetic field

The primary challenge of this method is the muon beam transport after the ionization

under the circumstance of the magnetic field. The muon transport in the initial acceleration

must be carefully designed so that transverse kick to the muons from the fringing field of

the spin holding magnet is sufficiently small to preserve the transverse dispersion. We plan

to study feasibility of introducing such magnetic field and beam transport configuration to

increase the muon polarization.

b. Narrow band laser The singlet state and triplet states are selectively ionized if the

laser band width is narrower than the hyperfine splitting νHFS=4.463 GHz. The narrow band

laser can be used to sweep out the depolarized muons in the unfavorable singlet state in

advance to the normal ionization scheme. This way, the polarization increases from P =50%

to (100%+0%)/1.5 = 66%, and we lose 1/4th of muons by sweep out. We gain the figure of

merit (∝ NP 2) by a factor of 1.33.

E. Initial Acceleration

In this section, we describe the muon initial acceleration scheme after the muonium laser

ionization, up to the main acceleration using LINACs, as described in section V. A key issue

is to minimize / confine the muon bunch time-width. Because we need to inject the muon

bunch into an extremely limited space-time of the acceleration RF field of the LINACs,
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we need both excellent emittance and a sharp time-width at the same time. The time-

width must be much narrower than the RF frequency, otherwise one loses the control of the

off-phase component.

Another key issue is to avoid introducing additional relative muon motion in a muon

bunch at the initial acceleration, because the relative motions viewed by the rest frame of

the bunch is the temperature of the muon bunch. This heating-free acceleration is one of the

most critical parts to realize the new g − 2 experiment. We propose to construct the initial

acceleration stage keeping cylindrical symmetry to reduce second-order aberration, except

for a higher order aberration compensator such as electro-static sextupoles. For the design

of the initial acceleration stage, one can apply the technique developed for the electron

microscope. Together with a conventional initial acceleration scheme, we also propose to

apply a muonium motion-cancellation mechanism using the Doppler shift of 1S-2P transition

energy by the high-intensity chirped Lyman-α laser, for further temperature reduction of

the muon bunch.

Thus, we need to control muon beam very precisely both longitudinal and radial motion by

pulse extraction field and cylindrical initial acceleration stage, respectively, as it is described

in detail as follows.

1. Cylindrical initial acceleration stage

The simplest and ideal muon acceleration scheme, up to required muon energy for new

muon g−2 measurement, is acceleration of parallel and static electric field, namely Cockcroft-

Walton type, because there is absolutely no possible heat source during the acceleration.

However, it is not realistic at all to accelerate more than few tenth of MeV. Therefore, one

need to combine several acceleration method to reach the required muon energy.

In the low energy region, however, one of the good model is parallel and static electric

field, but the present muon source is not that simple because of rather large source size.

Before the injection to the acceleration field, one need to focus the laser-ionized muon to

utilize only homogeneous region of the field, otherwise the system becomes unreasonably

huge.

The better model is electron microscope instead of the simple Cockcroft-Walton. If all

the initial acceleration components have cylindrical symmetry without magnetic field, the
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equation of the particle tracks close to the beam axis can be represented as

d2x

dz2
+

1

2Φ

dΦ

dz

dx

dz
+

1

4Φ

d2Φ

dz2
x = 0 (14)
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+

1

2Φ
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dz
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dz
+

1

4Φ

d2Φ

dz2
y = 0, (15)

where Φ is the electric potential on axis, Φ = φ(0, 0, z). From the equations, it is clear that

the tracks are independent of the charge mass ratio e/m, thus the trajectories should be

same for electrons and muons. If there is higher order aberration in the initial acceleration

stage, the muon bunch can easily heat-up because uncontrollable relative motions are intro-

duced due to the aberration. The equations have cylindrical symmetry, so the second order

aberration cannot be exist, which simplifies the aberration control. Because there exists an

MV class electron microscope, it is feasible to apply that technology for the muon initial

acceleration.

2. Primary design of the initial acceleration

Figure 27 shows the schematic setup for the initial acceleration scheme. The surface

muon from the production target is transferred to the muonium generation target by a large

solid angle solenoid channel, and accumulated to the central axis by a capillary method [55]

using capillary shaped heavy material. The ionization laser will be injected just behind the

muonium target to have maximum yield.

+V0+Vp(t) +V0
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muon
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focusing

target
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FIG. 27: Schematic setup for the initial acceleration.

The extraction field will be generated by applying slightly higher voltage to the muonium

target holder than the bias of the initial focusing element. Double einzel lenses will be used

to form a weakly-focused parallel beam to confine the muon beam diameter. After the
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double einzel lenses, one can place an electrical element to cancel the vertical dispersion

in the case where a pulsed extraction field is applied. The weakly-focused parallel beam is

further accelerated by the static parallel field, and the higher order aberration is canceled by

an aberration compensator composed by four einzel lenses and two sextupole lenses located

behind the static parallel field.

To compress the muon beam bunch in time, one needs a re-buncher to rotate the phase

of the muon bunch, and then apply final focusing elements before injection into the LINAC.

By a static extraction field, longitudinal momentum dispersion depends on the ionization

position along the axis, so one can realize very short time-width muon bunch in the order

of a few psec at few 100 kV acceleration, assuming primary muon is few cm in size. The

pulse width after the re-buncher is dominantly limited by the dispersion of the path length

at the initial focus. Obviously, the weaker focusing design results in shorter time spread

of the muon bunch. On the other hand, one can produce a linear correlation between

the ionization timing and the longitudinal velocity of the cold muons, hence a correlation

between the ionization timing and the longitudinal position dispersion, by using a pulsed

extraction field. If one applies a chirped-laser pulse whose central energy shifted in time,

then we can sweep thermal transverse momentum in time according to the Doppler shift

of the muonium, so one can cool the muon below the room temperature. In this case, the

time-width after the re-buncher is limited as ∼ ∆llp/(β0c), where ∆llp is the longitudinal

laser size and β0c is the central velocity after the initial acceleration, and few 10 psec pulse

width can be realized at few 100 kV acceleration, assuming laser size of about 1 mm. One

needs more detailed design study to finalize the configuration of the final focusing elements

to fulfill the matching condition with LINAC injection.

F. Summary

The proposed experiment utilizes the ultra-cold muon source which can be produced by

the laser ionization of muoniums. The laser ionization technique has been developed by KEK

and RIKEN, and continuously improved at the RIKEN-RAL muon facility. The efficiency

to produce the ultra-cold muon from the surface muon beam is 3×10−5 at RAL.

A new laser system is currently under development at RIKEN to increase the laser power

by a factor of 100. With the 100 times intense laser, we expect the efficiency to be two
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orders of magnitude higher, i.e. 3×10−3, which will be confirmed by the test experiments

at RAL and J-PARC. The surface muon intensity at the J-PARC H-2 beam line will be

108/s (see section IVB). Therefore, a conservative estimate of the intensity of the ultra-slow

muon beam would be 3 ×105/s. Here, we note that one can expect additional factors of

improvements in the effficiency from (1) better muonium-production efficiency with new

target material, and (2) better ionization efficiency at room temperature (as opposed to

2,000 K for the hot tangsten target). These improvement factors are to be determined in

the test experiment proposed at TRIUMF in 2010.

The default polarization of the ultra-cold muon is 50%. R&D to improve the polarization

is in progress based on the ideas of introduction of a londitudinal magnetic field, or a narrow

band laser. Initial acceleration will use the weak static electric field, follwed by double einzel

lenses, the static acceleration field, a re-buncher, and a focusing elements. Cooling of the

muon beam even below the room temperature would be possible by utilizing a chirped-

laser.
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V. RE-ACCELERATION

The ultra-cold muons created in the muonium target regeon must be reaccelerated to

around 300 MeV/c in momentum (210 MeV kinetic energy) to then be injected into the

muon g − 2 storage ring. To suppress muon loss in the course of reacceleration, the muons

should be accelerated in a sufficiently short period of time compared with the muon life

time of 2.2 µs. To realize fast reacceleration, we plan to build a linac dedicated for this

purpose. A linac has an overwhelming advantage over circular accelerators in shortening

the reacceleration time.

Another essential requirement for the reacceleration is the suppression of transverse emit-

tance growth. The ultra-cold muons will have an extremely small transverse momentum of

around 30 keV/c with an tranverse spacial extent of around 10 mm. Assuming an ideal ac-

celeration to 300 MeV/c, the typical transverse divergence angle of muons becomes 10−5 rad.

These are the requirement for injection into the storage ring. Therefore, the beam at injec-

tion should have essentially the same normalized transverse emittance as that at the muon

source. Consequently, the transverse emittance growth in the linac should be suppressed as

much as possible to meet this requirement.

In the design consideration of this linac, we separate the acceleration into two sections,

namely, a low-β section and a high-β section. In the low-β section, we assume the accel-

eration of muons from around 10 keV to 43 MeV in kinetic energy. This corresponds to

accelerationg β from 0.01 to 0.7. The muons accelerated in the low-β section are delivered

to the high-β section, where they are further accelerated to 210 MeV.

In the low-β section, the particle β increases rapidly with kinetic energy. Accordingly,

it becomes very important to adopt an adequate accelerating structure matching β. To

the contrary, the β variation in the high-β section is modest. Then, its design empha-

sis is naturally shifted to achieving a high accelerating gradient to realize sufficiently fast

reacceleration.

In the following two subsections, we review the proposed design for the low-β section and

the high-β section of the linac, respectively.
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A. Low β linac

As mentioned above, the particle β changes rapidly in the low-β section as its kinetic

energy increases. Then, a suitable accelerating structure should be chosen for each β range.

This situation is essentially the same as in a usual proton linac. Therefore, we basically

follow the conventional configuration for a proton linac in the design of the low-β section.

In addition, we put the emphasis on making the best use of J-PARC experience to reduce

the R&D burden. It should also be noted here that the space-charge effect is not an issue

for the linac even at its lowest energy, because the number of muons assumed per bunch is

as small as around 50,000. This is an important difference from a usual proton linac, where

the design emphasis is often put on suppressing the space-charge effect.

We here divide the low-β section into three parts, namely, the front-end part (β <0.08),

the low-β part (0.08<β <0.45), and the medium-β part (0.45<β <0.7). For the low-β part,

we plan to adopt a DTL (Drift Tube Linac) of Alvarez type with the operating frequency

of 324 MHz. This operation frequency is chosen to be the same as the J-PARC DTL [56].

With this choice, we can use the existing J-PARC klystron for its RF source avoiding an

R&D burden.

As for the medium-β section, we plan to adopt an ACS (Annular Coupled Structure

linac) [57]. The ACS is a variation of a CCL (Coupled Cavity Linac), and adopted for the

energy upgrade of the J-PARC linac. The ACS is advantageous in suppressing the dipole

component of the RF field, having an annular symmetry for the coupling cell [57]. The

operation frequency for the ACS is chosen to be 972 MHz with a three-fold frequency jump

from DTL. This frequency is again the same as J-PARC ACS to utilize 972-MHz klystrons

developed for it [56].

It should be noted that both the DTL and the ACS are standing-wave structure, and it

is a conventional choice for a proton linac. This is constrasted with the high-β section where

a traveling-wave structure is assumed.

In the linac design, it is important to optimize the particle β where the accelerating

structure is switched from one to another. We here assume the transition β of around

0.45 between DTL and ACS. While it is a conventional choice for a proton linac, there

still remains a room for further optimization. We should note here that the transition β is

usually determined to optimize the effective shunt impedance. In other words, we will have
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wider flexibility by tolerating inefficient use of RF power. As efficient power consumption

is not such a pressing requirement for our purpose, the choice of the transition β will be

subject to further optimization in the coming design work.

For the front-end part, we plan to adopt a Cockcroft-Walten injector instead of an RFQ

(Radio-Frequency Quadrupole linac). In a modern proton linac, an RFQ is usually adopted

for the front-end, where a continuous beam injected from an ion source is gradually bunched

and RF captured for acceleration. This bunching capability greatly improves the trans-

mission efficiency of a proton linac compared with a classical Cockcroft-Walton injector.

However, this bunching capability is not necessarily advantageous for our purpose, because

the muons generated at the muon source already has a bunch structure generated by an

excitation laser. Meanwhile, an RFQ is known to have a substantial nonlinear component of

the RF field due to unavoidable deviation of its vane shape from the ideal one [58]. The non-

linear component can be a source of transverse emittance growth, which should be strictly

suppressed for our purpose. While we need further study on the effect of the nonlinear

component, we here assume a Cockcroft-Walton injector for the front-end with an RFQ as

an alternative option.

To adopt a Cockcroft-Walten injector, it is required to have an additional RF cavity

for bunch compression. The bunch length from the muon source is assumed to be around

100 ps. As this bunch length is too long to be accepted by a 324-MHz DTL, we need to

perform bunch compression before injecting into the DTL. To this end, we plan to have

a buncher cavity between the Cockcroft-Walten injector and the DTL. We here assume a

simple single-gap cavity of 324 MHz for this purpose.

Figure 28 shows the proposed configuration of the low-β linac. Plan A shows the present

baseline design with a Cockcroft-Walten injector, and Plan B shows an alternative plan with

an RFQ as the front-end. In both plans, we can adopt the same design for DTL and ACS.

In the baseline design, the low-β linac consists of a 0.34-MeV Cockcroft-Walten injector, a

single-gap buncher cavity, a 13.8-MeV DTL, and a 43-MeV ACS. The DTL section consists

of one DTL tank driven by a 324-MHz klystron. Meanwhile, the ACS section consists of six

ACS tanks. Two neighboring ACS tanks are connected with a bridge coupler, and driven

by a 972-MHz klystron. We plan to adopt klystrons of J-PARC type both for 324 MHz

and 972 MHz. The saturation power for the klystrons is 3.0 MW for both 324 MHz and

972 MHz. As for the buncher cavity, we plan to adopt a solid state amplifier as its RF
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source. The required RF power for the buncher cavity is estimated to be kW level or even

less, and is easily fed by a solid state amplifier.

Table IX and X show the main parameters for the DTL and ACS, respectively. It is

readily seen in these tables that the main parameters are comparable with the J-PARC

design except that the muon DTL and ACS cover a little wider β range. This difference

arises because we omit the SDTL (Separate-type DTL) [59] section in the low-β linac to

reduce the number of transitions. On the other hand, SDTL is adopted in J-PARC to

improve the power efficiency in the β range between DTL and ACS [56].

As shown in these tables, we plan to adopt the synchronous phase of -30 degree to attain

sufficient acceptance in the longitudinal phase space. With this choice of the synchronous

phase, the RF field provides the muon beam with longitudinal focusing, but in turn it

defocuses the beam transversely. Accordingly, it is required to provide transverse focusing

to compensate the RF defocusing force. In the DTL, we plan to equip each drift tube with

a quadrupole magnet as in a conventional DTL. The transverse focusing is provided with

these DTQ’s (Drift Tube Quadrupole magnets) with a so-called FODO lattice. In the ACS

section, a quadrupole doublet is placed at each inter-tank spacing to provide transverse

focusing. An additional solenoid magnet is also assumed before the DTL injection to match

the beam size by focusing the beam from the Cockcroft-Walten injector.

For this baseline design, proper beam transport through the low-β section is confirmed

with the Trace3D code [60] as shown in Fig. 29. In this figure, the calculation is performed

from the exit of the Cockcroft-Walten injector to the exit of ACS. We assume a 2.4-m long

matching section between the injector and DTL, and a solenoid magnet and a buncher

cavity are assumed there for transverse focusing and bunch compression, respectively. The

Trace3D code calculates the time-evolution of the phase-space beam ellipses, and hence

beam envelopes, along the linac. The top left figures in Fig. 29 show the phase-space beam

ellipses assumed at the injector exit, and the top right figures those obtained at the ACS

exit. The bottom figure shows the calculated beam envelope along the beam line from the

injector exit (at the left end) to the ACS exit (at the right end). It is seen in this figure that

the beam can be matched with a rather simple configuration of a solenoid magnet and a

buncher cavity. Then, the beam envelope through the low-β linac is sufficiently controlled.

Proper beam acceleration is also confirmed with a preliminary particle simulation. The

simulated particle distribution at the ACS exit is shown in Fig. 30. In this simulation,
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FIG. 28: Schematic layout of low-β linac.

an initial Gaussian distribution is generated at the DTL entrance with 50,000 simulation

particles. Then, they are tracked through DTL and ACS assuming a realistic RF field

and a hard-edge quadruople magnetic field. For this tracking, the IMPACT code [61] is

utilized turning off the space-charge calculation. An RMS emittance growth of around 7%

is observed in the simulation. This growth is believed to be induced by the nonlinear nature

of the RF defocusing force. While the shape in the transverse phase space also shows some

distortion in this figure, it is assumed to be at a tolerable level.
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TABLE IX: Main parameters for DTL.

Muon DTL J-PARC DTL

Number of cells per tank 33 146

Number of tanks 1 3

Operating frequency 324 MHz 324 MHz

Cavity type Alvarez-type Alvarez-type

Averaged accelerating field E0 2.5 MV/m 2.5 MV/m

Synchronous phase φs -30 degree -30 degree

Kinetic energy at the entrance 0.34 MeV 3.0 MeV

Kinetic energy at the exit 13.8 MeV 50.1 MeV

β at the entrance 0.080 0.080

β at the exit 0.462 0.313

Wall loss per tank 0.83 MW 1.1 MW

Total length 8.82 m 27.1 m

Traversing time 99 ns
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TABLE X: Main parameters for ACS.

Muon ACS J-PARC ACS

Number of cells per tank 17 17

Number of tanks 6 42

Operating frequency 972 MHz 972 MHz

Cavity type ACS ACS

Averaged accelerating field E0 4.36 MV/m 4.12 MV/m

Synchronous phase φs -30 degree -30 degree

Kinetic energy at the entrance 13.8 MeV 190 MeV

Kinetic energy at the exit 43 MeV 400 MeV

β at the entrance 0.465 0.555

β at the exit 0.703 0.712

Wall loss per tank 0.82 MW 0.73 MW

Total length 14.76 m 107.1 m

Traversing time 80 ns
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FIG. 29: The beam envelope along the low-β linac calculated with Trace3D.

FIG. 30: The particle distribution at the exit of the low-β linac simulated with IMPACT
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B. High β section

The high β section of the muon linear accelerator is designed to re-accelerate from

100 MeV/c to 300 MeV/c. As the basic design of the high β section, a disk-loaded traveling

wave accelerating structure, which is similar to an electron linear accelerator, was selected.

The advantage is its high electric field of around 20 MeV/m to shorten the accelerator

length. Figure 31 is the typical accelerating structure of the electron linac. The emittance

and bunch length of the muons are small enough to accelerate using such a disk-loaded

structure, though the available phase space becomes less due to the higher frequency. How-

ever we have to evaluate the phase stability and determine the frequency to minimize the

emittance growth.

FIG. 31: Disk-loaded accelerating structure.

The particular design item of the disk-loaded structure for the muon acceleration, which is

different from the general accelerating structure for the electron accelerator, is the variation

of the disk spacing corresponding to the muon velocity.

The design procedure of the phase velocity matched disk-loded structure is as followings,

• The disk spacing is generated in turn to pass the center of each cavity at a given RF

phase for a test particle.
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• The test particle is tracked through the electromagnetic field of the cavity which is

calculated utilizing the series expansions and impedance matching method [62] without

mesh.

• The particles at the end of the low β section are tracked in the cavity chain.

As the initial condition for the accelerating structure, we selected the RF frequency of

2856 MHz which is used in many electron accelerators. The optional candidate of the RF

frequency is around 1300 MHz for the wider phase space. Further the constant gradient

structure was adopted, the input power is 8 MW for each accelerating structure and the

ratio of the power attenuation constant usually described as τ is selected to 0.5. Figure 32

shows the disk spacing and the length of the accelerating structure corresponding to the

muon momentum. It consists of only four accelerating structures and the total length is

around 10 m.

FIG. 32: Cell length corresponding to the muon velocity.

The total system based on this desgin of the high β linac is shown in Fig. 33. One 50 MW

class klystron can drive four accelerating structures to accelerate muons from 100 MeV/c to

300 MeV/c.
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FIG. 33: Schematic diagram of the high β sectino of the muon re-acceleration.

The muons from the end of the low–β section are tracked through these accelerating

structures generated for the center RF phase of 80 degree.

Figure 34 is the longitudinal distribution at the end of the high–β section.

As a result, the 98% of muons are passed in the accelerating phase.

FIG. 34: Longitidinal distribution of the muon at the exit of the high–β Linac.
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VI. MUON STORAGE RING MAGNET AND INJECTION

The muon storage ring for this experiment will be a precession field 3 Tesla solenoid with

cylindrical iron poles and return yoke. The solenoid is being designed now in collaboration

with a private company to a specification of a < 1 ppm variation of the field locally within the

storage region. The storage region is defined on the mid-plane, with a radius of 33.3±5.0 cm

and height of ±10 cm. An engineering study is shown in Fig. 35. Note that the coils are

located at 80 cm radius.

FIG. 35: An example of engineering studies by a private company.

A. Injection

For injection, the muon beam must be injected into the storage ring with minimum

interference to the storage field. In the BNL g − 2 experiment, as displayed in Fig. 37,

a device called an inflector was used to inject the muon beam, to avoid deflection by the

fringe field. As the beam crossed the storage region, the beam was kicked horizontally by
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the kicker to move to the central orbit through an angle large enough to prevent the beam

from striking the inflector after one turn. This procedure works only if the radius of storage

ring is large enough compared to the inflector wall thickness. The limitation comes from the

required kick-angle within the first turn in the storage ring (within 149.2 ns) to avoid hitting

the inflector itself. In the BNL g− 2 experiment, the radius of storage ring was 711 cm and

the wall thickness was ∼ 1 cm. Therefore the kick angle was ∼ 1.5 mrad.

In our experiment, the radius of the center beam orbit is 33.3 cm. This corresponds to a

required horizontal kick angle of 30 mrad within the first turn in the ring (within 7.4 ns). The

kick angle would be an order of magnitude larger than the kick with any existing technology.

The horizontal kick does not work for our case.

Therefore, we have chosen a spiral injection scheme instead as displayed in Fig. 38.

A solenoidal magnet is suitable for this injection scheme. An unique point of this scheme

is to build in a radial fringe field to replace the role of the inflector. The beam will enter

the solenoid through a hole in the iron return yoke iron. (Note that the BNL E821 used a

similar hole in the iron return yoke, which was easily compensated for by adding additional

iron beside the hole.) The definition of pitch angle θ here is the angle between the muon

momentum and horizontal plane (the x − z plane) perpendicular to the solenoid axis (the

y-axis),

θ = sin−1 Vy√
V 2

x + V 2
z

, (16)

and shown in Fig. 36.

In this way, the beam will be separated from the injecting point by ∼10 cm vertically, so

there would not be no disturbance for the beam trajectory.

The beam momentum is deflected to vertically by a radial magnetic field, which will be

built in the solenoid fringe field, which is shown as BR in Fig. 38. The magnetic field should

be carefully shimmed not only for the vertical field for the muon storage but also for the

radial field so that only small vertical momentum remains when the spiraling beam reaches

the beginning of the storage region.

The injected beam will then spiral through the good field (BR) storage region and a

magnetic kicker will be used to deflect the beam into a stable orbit at the center of the

storage region. The duration of the kick can be for a number of cyclotron (or revolution)

periods, since a longer kicker pulse allows a low kicker voltage and more stability. Multi-
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FIG. 36: A definition of θ is shown.

turn-kick by the longer pulse shape kicker would be easier.

B. Field configuration and muon trajectory

Figure 39 introduces the magnet configuration planned for the storage ring. Note that

we will discuss the muon injection scheme in a conceptually designed magnetic field in this

section. More practical design is in progress collaborating with a private company. The

upper picture depicts a solenoidal conductor (pink), with one-eighth of the iron pole tip

(green) and iron return yoke (black). The bottom picture depicts calculated muon beam

injection trajectory with this magnet configuration together with one-eighth of the iron pole

tip and iron return yoke.

Figure 40 displays the vertical (along the solenoid axis) and radial components of the

magnetic field (By and BR) along the muon beam trajectory, which is introduced in Fig. 39

(bottom). Blue dotted vertical line corresponds to y = y0 = 104.6 cm. Initial vertical

injection point for a beam center trajectory. Note that the magnetic field changes smoothly

as the muon moves. This is an important point to find stable trajectory.
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FIG. 37: Injection scheme for previous experiment (BNL g−2) from top view. They have inflector

and horizontal kicker system.

FIG. 38: Schematic representation of spiral injection for our case. A radial fringe field, shown as

BR, deflects the vertical component of the beam momentum to the horizontal component.
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FIG. 39: Top: A conceptual illustration of the storage ring magnet: solenoid coils, one-eighth of

iron pole tip and return yoke. Bottom: Calculated spiral trajectory of a single muon particle with

γµ = 3 by Opera.

Since the magnetic field is symmetric at a given radial position (R =
√

x2 + z2) and

does not change dramatically even in the fringe field region, optical parameters of the muon

beam for a stable injection can be obtained. To determine the optimal correlation between
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FIG. 40: Magnetic field along the muon beam trajectory as function of vertical axis (solenoid axis).

The trajectory is introduced in Fig. 39 (bottom). Note that the magnetic field changes smoothly

as the muon moves. Blue dotted vertical line corresponds to y = y0 = 104.6 cm.

vertical position displacement (∆y) and duration of pitch angle (∆θ), we calculate several

thousands of beam trajectories with random distribution of ∆y and ∆θ by Opera. We set

beam center as a solid pink line in Fig 39 (bottom), and set a proper injection point on this

trajectory : R0 =
√

x2
0 + z2

0 = 34.6 cm, y0 = 104.6 cm, with a pitch angle of θ = 23.4◦. A

definition of pitch angle θ is previously shown in Fig. 36.

Then we tried several thousands of trajectories in a proper area of (∆y, ∆θ) as shown

in black points in Fig. 41. Parameters for beam center trajectory is at (∆y, ∆θ) = (0, 0).

Parameters of successful injections are shown in green.

Here, ∆Y and ∆φy are written as:

∆y = y − y0 in cm,

∆θ =
Vy − Vy0

Vy0

in rad. (17)

Figure 43 displays several example trajectories shown in green points in Fig. 41, together

with a beam center trajectory. Fringe field acts as local focus for a proper set of beam

injection conditions as shown in Fig. 41.

More practical design as displayed in Fig. 35 is in progress collaborating with a private

company.
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FIG. 41: Input parameters of (∆y,∆θ) with regards to initial point of beam center trajectory.

(Parameters for beam center trajectory is at (∆y,∆θ) = (0, 0). ) Parameters of successful injec-

tions are shown in green. Examples of successful injection and trajectory are shown in Fig. 43.

Correlation between ∆y and ∆θ suggest the fringe field provides local focusing effect as discussed

in Fig. 42.
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FIG. 42: A cartoon to help an intuitive understanding of a correlating between ∆y and ∆θ.
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FIG. 43: Samples of possible muon beam trajectories in the acceptable acceptance for the kicker

and the storage ring.
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C. Kicker

The role of the kicker is to move the muon beam onto a stable orbit. In our case, the

muon beam will be guided to the good field region by the solenoidal field only which includes

a small radial field above the good field region, reducing the pitch angle of the incoming

beam to zero degree. The pitch angle of the beam in the good field region is planned to

be the order of a few mrad. Therefore the required vertical kick is a few mrad, which is

acceptable strength. We plan to apply the kick for several cyclotron periods along the orbit.

This allows us to apply a lower kicker voltage without strict jitter requirements, and with

better stability.

Figure 44 depicts one of candidate of kicker set-up in the storage ring: Anti-Helmholtz

coil system coil system, shown in red four loops. Figure 45 depicts a zoom on the cross-

section of a kicker system. Pairs of coils above and below the storage region have different

radii and are separated 6 cm vertically. The upper and lower coils are separated by 24 cm

and do not interfere with the storage and detector volumes.

The current direction of the pair of upper coils and the pair of lower coils are the same,

but the current is opposite between upper and lower coils. Such a coil system generates

mainly a radial field remains around the region of |y| < 10 cm as shown in Fig. 45. This

radial field is cylindrically symmetric in the radial direction and applies a vertical kick to

the muon beam.

Figure 46 displays an example electrical circuit to drive the kicker coils. In this case, the

system can apply a 3.5 mrad kick vertically with a half-sine shaped pulse with a 150 ns (20

cyclotron periods).

Bkick(t) = Bpeak · sin(ωt), (18)

here,

Bpeak = 1.3× 10−4 T,

ω =
π

Tkick

,

Tkick = 150 ns.

The simulated current shape as a function of time is displayed in the lower plot in Fig. 47.

During 150 ns, the vertical drift length of the muon beam is about 7 cm.
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FIG. 44: A kicker system (Anti-Helmholtz coil system) is shown in red lines, in the storage ring

magnet. To give an idea of its size, the expected muon beam trajectory, iron pole tip and return

yoke are also shown.(Solenoid coil is not shown.)

FIG. 45: Cross-section view of the kicker system (zoom up). Pink triangles depicts direction of

the magnetic field.
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FIG. 46: Example circuit for the kicker. The airs of two ring coil system the storage ring is

indicated as the red dotted box.

FIG. 47: Top: Voltage as function of time. V(1) and V(2) correspond pickup points in the circuit,

Fig. 46. Bottom: Kicker current as function of time. Half-sin shape can be seen as introduced in

Equation 18.
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Major issues for kicker are the following;

• Kicker field flatness as function of radial position,

• Residual voltage in the circuit may cause the electric field in the space,

• The eddy current in the cryostat wall will be generated.

We are studying to determine the best configuration for the coils and expect to achieve suf-

ficient field flatness. For eddy currents, this causes an error field and needs to be considered

carefully. In the current example circuit, the residual voltage V(2) in Fig. 47 remains for

∼ 100 ns after the kicker-pulse. We need to estimate the magnitude of this effect on the

magnetic field.

85



D. Possible error fields

Possible sources of error magnetic field are the following

1. Mechanical disturbances

• Static structural error

Although the coil can be designed such that the field quality in the storage area is

in the 10−7 field quality, the construction error can cause the error field. In order

to achieve field quality of 10−7 the construction error must be the order of 10−6 m

that is far beyond the achievable construction precision. The precision of 10−3 m is

the reasonable specification for the 1 m big solenoid. The iron return yoke should

have same order of the influences. This indicates that achievable field quality with the

main coil is the order 10−4 T range. The structural error can be expressed by radial

or longitudinal deformation modes that have angular spectrum of d = kcm cos(mφ)

(or ksm sin(mφ)) as shown Fig. 48, where kxm is the deformation amplitude, and n is

the mode index. Influences to the beam area from each mode differ from one more to

another, generally smaller by ratio of (a/r)m where a is the radius of beam area, r is

the radius of the solenoid, and m is the deformation mode index. The deformation

mode and its influence to the field should be simulated to evaluate the necessary

corrector scheme. Field compensation using magnetic shims may be used for the

initial optimization. The magnet structure is such that the access to the coil area

is limited and that correction using magnetic shim may not be the final tuning. An

appropriate corrector coil scheme must be designed and implemented properly. The

corrector coils may be operated by external power supplies. The current stability of

the corrector should be better than 10−4.

• Structural error by temperature change

The thermal contraction ratio of iron is about 10−5/K. In order to achieve 10−6 m

accuracy shown above, the temperature must be controlled by the order of ±0.1 K.

The iron yoke must be encased in the shield room with the very precise temperature

control, i.e. ±0.1 K.
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FIG. 48: The structural errors expressed by radial or longitudinal deformation modes.

• Mechanical vibration

The mechanical vibration is also a big concern for the field error. The seismic vibration

measured at KEK Tsukuba (Fig. 49) shows the value exceeding 10−6 m. The seismic

vibration at the experiment site should be performed and proper vibration dumping

system should be designed to avoid magnet system mechanical vibration.

2. Electromagnetic disturbances

• Magnetic materials

Although the system maybe designed to avoid to any uncontrollable magnetic materi-

als, some materials such as welded stainless steels maybe inevitable. One must confirm

that those should not produce an error field exceeding the field range correctable by

the corrector coils. The magnetic material close to the beam area may cause the error
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FIG. 49: The seismic vibration measured at KEK Tsukuba.

field corresponds to the error field introduced by higher order deformation index n,

that may not be corrected by the corrector coils. One should design the system very

carefully to avoid magnetic materials close to the beam area.

• Superconductor

a. Magnetization The magnetization of superconductor, which is an inherent prop-

erty of type III superconductor, is another big concern. The average magnetization

of the superconducting wire can be expressed as M = 4/3µ0Jcak/π, where M is the

magnetization, µ0 is the permeability of the vacuum, Jc is the current critical current

density, which is the function of the local magnetic field and temperature, a is the di-

ameter of superconducting filaments, and k is the volumetric ratio of superconducting

filaments in the wire. In general Jc can be as large as the order 109 A/m2, a is an order

of 10−5 m, and k is about the order of 0.1. The magnetization can be estimated as

an order 10−4 T. The influence to the beam area may be further reduced and can be

corrected by corrector coils if the error is stable. The issue is that the magnetization
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can be changed due to the flux creep effect. The flux creep is the movement of the

pinned flux vortex in the superconductor that generally introduced by statistical ther-

mal excitation of the vortex. The effect decreases the magnetization by a logarithmic

function. A sufficient idle time after magnet excitation may reduce the influences,

however the idle time can be too long to achieve 10−7 stability with a reasonable ex-

periment efficiency. Another way to reduce influence is to reduce temperature after

magnet excitation. The procedure, however, must be done after all the field optimiza-

tion is made. The magnet excitation and field optimization procedure should be well

studied to achieve 10−7 field accuracy and stability.

b. Strand coupling current The strand coupling current is the coupling current be-

tween the superconducting filaments. The influences are generally very small and the

time constants are in the range of 10–100 ms. The reasonable idle time after magnet

excitation should avoid the problem.

c. Cable coupling current (if cable is used) In case the cable is used, the coupling

current between the cable strands can cause a various kinds of error fields and those

can be 10−4 T level. The coupling current also includes the various time constants

that can vary from the order of 10 ms to hours. It also causes the change in local field

in the coil that affects the superconductor magnetization. Those are very complicated

and almost uncontrollable to achieve 10−7 field quality. One should avoid using a cable

for the magnet coil. The coil should be wound from a wire.

d. Persistent current operation Time constants are generally very large and should

not be a problem. There are some coupling with above three effects, however after a

reasonable idle time after magnet excitation all the effects should be stable such that

operation current change become stable.

E. Field measurement and its absolute calibration

1. Measurement methods for the experiment

There are many methods of measuring magnetic field: Hall probe, flux measurements

with pick up coils, nuclear magnetic resonance (NMR), and so on. The optimal choice

depends on the nature of the field to be measured; AC or DC field, gradient or absolute
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field, etc.

In this experiment, a superconducting solenoid having a high uniformity of the central

field is adopted for the muon storage magnet. From the field measurement view point, the

measurement region around the solenoid could be divided into two regions, that is, the beam

injection region and the beam storage region. (We also need to measure/control the tracking

region with moderate precession.)

The beam injection region is the region from the end of the injection beam line to the

beam storage region around the solenoid center, and it includes a stray field region outside

the solenoid. The muon beam passes through the beam injection region only one time,

therefore,the tolerance of the magnetic field error is much larger than that in the beam

storage region. It is enough to measure the magnetic field in the beam injection region with

an accuracy of 100 ppm.

There are two field measurement methods satisfying that accuracy; the Hall probe method

and the flux measurement method. Although an NMR method also meets the required

accuracy, below 10 ppm, such a very high accuracy can be reached only in a stable and

homogeneous field, generally 1%/s and 0.1%/cm, so it is not suitable for a field measurement

in a high gradient field like a stray fringe field. Table XI summarizes the advantages and

disadvantages of the Hall probe and flux measurement methods. It is necessary to consider

the cryostat and support structure as well as the accuracy, further design study is required.

From the beam optics study, the beam storage region should be cylindrical shape with

an inner diameter of about 280 mm, a outer diameter of 380 mm and a height of 400 mm

(no interference with the kicker coils), and the region must have high field homogeneity at a

ppm level locally, and be measured along the muon storage orbit (integrated) to < 0.1 ppm,

with a central field of 3 T. The NMR method is the only solution for measuring with this

precession.

It is not easy to measure this magnetic field at a sub-ppm level, since there are no magnets

with such a high homogeneity at 3 T which can be used to fine-tune the NMR system. So,

the adjustment of the NMR system at a sub-ppm level of accuracy is planned to progress in

parallel with the development of the superconducting solenoid for muon storage.
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TABLE XI: Summary of advantages and disadvantages of the Hall probe and flux measurement.

Method Advantage Disadvantage

Hall probe Simple Non-linear output

Inexpensive Sensitive to temperature

Commercially available Long term drift

Fast measurement Need to compensate Planar Hall effect

Small probe size

Flux measurement Simple Need change in flux

Passive device Need calibration of geometry

Linear output Need integrator device

Drift-free device

This strategy has two steps of development of the NMR measurement system. In the

first step, a commercial NMR system with an accuracy of 1 ppm will be purchased for a

rough evaluation of the solenoid field at the initial R&D phase. Based on the measurement

results, the solenoid field would be regulated to reach a field homogeneity of 1 ppm in the

beam storage region.

In the second step, an NMR system which can reach a sub-ppm level precision will be

purchased, and would be fine-tuned using the solenoid in collaboration with the company

making the NMR system.

In both steps, a probe positioning system made of nonmagnetic materials should be

developed, which can control the probe position in the solenoid in the cylindrical coordinate

system. The precision of 1 mm should be sufficient for the position control, since the

size of the probe would be 5 mm in diameter. That precision could be easily achievable

with commercial devices, however, materials composing the positioning system should be

carefully selected. It should be placed near the solenoid so that a limited space around the

solenoid could be made effective use, and the accuracy of the position control could be easily

improved.
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2. Present status

In the first step of the development of the NMR measurement system, a field distribution

measurement in a 3 T solenoid is planned using an NMR system with 1 ppm accuracy. The

objectives of the measurement are to fine-tune the NMR system and to build the prototype

of positioning system.

Arrangements to use a 3 T solenoid are successfully progressing with the National In-

stitute of Radiological Sciences at Chiba city. The solenoid is designed for MRI medical

applications, and placed horizontally, which is different from the solenoid for the g − 2 ex-

periment, which will be placed vertically. However, this MRI magnet will be useful to check

whether the components of the positioning system work in a high magnetic field and provide

a high accuracy field measurement. Figure 50 shows the overview of the field measurement

system for the horizontal solenoid. Design work is in progress.

Guide rail

Timing belt

Roller &

Stepping motor

Encoder & 

Ultrasonic motor

3T solenoid

Rotating shaft

NMR probeRotating disk

Ceramic bearings

Moving stage

FIG. 50: Overview of the positioning system for the field distribution measurement in the MRI

solenoid at NIRS.
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F. Cryogenic system

A conceptual design proposal of the storage ring cryogenic system is shown in Fig. 51.

The requirements to the cryogenics from the view point of good field quality of the solenoid

are 1) sub-micron mechanical stability, 2) good temperature controllability and stability

of superconducting coil. There are also additional requirements to the room temperature

system to avoid mechanical vibration to the magnet system. The temperature controllability

of room temperature iron yoke should be guarantee the temperature stability of ±0.1 K.

Since the superconducting solenoid will be made from the wire and operated with a relatively

low current, the system may be cooled with several cryo-coolers. The cooling of the coil,

however, should be made by liquid helium to ensure the good temperature stability. The

temperature control can be made with a pressure control of the helium vessel. The precise

pressure control system should be implemented. The cryo-coolers are used for recondensation

of helium. Number of corrector coils as well as their operation current may affect to the

cryogenics heat load. They should be optimized such that the system can be achieved with

cryo-coolers. Since the vibration of the system may cause the devastating effect to the

field quality vibration dumpers should be carefully implemented to achieve vibration level

below 0.1 micron for the solenoid system. The study now being performed for the ILCIRQ

(International Linear Collider Interaction Region Quadropole magnet) aiming for the 10 nm

level stability and their R&D results may be used for this system as well. Although this is

not a part of cryogenics the biggest challenge for the system is the control of the iron yoke

temperature. The temperature stability and uniformity of ±0.1 K is currently required with

a preliminary design study. The room temperature shield room design must be performed

very carefully to achieve this limit.
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FIG. 51: A conceptual design proposal of the storage ring cryogenic system.
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VII. MEASUREMENT OF ωa

A. Spin-dependent decay from the V−A theory

We begin this section by introducing the spin-dependent µ decay and its analyzing power.

The positive muon decays into a positron, a neutrino and anti-neutrino; µ+ → e+ + ν̄µ + νe.

Parity non-conservation in the weak decay and helicity conservation lead to an asymmetry

in the angular distribution of the decay positrons with respect to the direction of the µ-spin

(θS). Viewing the decay in the muon rest frame, the decay e+ has its maximum momentum

and is 100% polarized when the ν̄µ and νe are emitted to the opposite direction of the e+, as

shown in Fig. 52. Here, e+ and ν̄µ are right-handed, νe is left-handed. The maximum value of

the positron momentum is approximately half of the mass of µ; (p∗e)max = mµ/2 = 53 MeV/c.

We write for the decay electron momentum relative to its maximum,

η =
p∗e

(p∗e)max

. (19)

 rest frame+µ

+µ
 momentum+e

 spin+e
eν

µν

FIG. 52: Viewing the decay in the muon rest frame, the decay e+ (right-handed) has its maxi-

mum momentum and polarization when ν̄µ (right-handed) and νe (left-handed) are emitted to the

opposite direction to the direction of e+.

The probability for a positron, whose momentum range is η → η +dη, to be emitted into
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a solid angle dΩ at an angle θS is given by the V−A theory[63, 64];

dM(η, θS) = n(η)[1 + a(η)Pµ cos θS]dηdΩ,

n(η) = 2η2(3− 2η),

a(η) =
2η − 1

3− 2η
. (20)

θS is the angle between ~S and ˆpe+ and Pµ is the polarization of the muon.

A two-dimensional plot of dM(η, θS) is displayed in the top plot in Fig. 53. n(η) and

a(η) are displayed in the bottom plot in Fig. 53.

The decay event introduced in Fig. 52 corresponds to the right top point in Fig. 53

(cos θS = 1 and η = 1).

B. g − 2 precession in the magnetic field

In the presence of a static magnetic field, ~B = (0, 0, B), the muon moves on the plane

perpendicular to ~B. Here, we assume that both the electric field and the electric dipole

moment are zero.

The cyclotron frequency ~ωc and spin frequency ~ωS are expressed as

~ωc = − q ~B

mµγµ

,

~ωS = −gq ~B

2mµ

− (1− γµ)
q ~B

mµγµ

. (21)

The anomalous precession frequency ~ωa is determined from the difference:

~ωa = ~ωS − ~ωc = −q ~B

mµ

(
g − 2

2

)
. (22)

For example we input γµ = 3 (pµ = 300 MeV/c) and | ~B |= 3 T, we obtain cyclotron period

Tc = 2πωc = 7.41 ns and anomalous period 2πωa = 2111.7 ns.

The µ-decay is described in the muon rest frame, where the µ-spin (~Sµ) rotates with the

frequency of ~ωa

~Sµ = (cos(ωat), sin(ωat), 0). (23)

We introduce the definition of angles in the muon rest frame. Figure 54 (left) displays

the system of the muon rest frame. The direction of the µ beam is along the x-axis, the
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FIG. 53: Top: Probability of positron emission as a function of η and θS for Pµ = 1. Decay

positrons tend to be emitted to the muon spin direction (cos θS ∼ 1) with their highest energy

(η ∼ 1). Interestingly, note that cos θS distribution is flat at η = 0.5.

Bottom: Analyzing power a(η) and event fraction n(η) as functions of η, the positron energy

fraction in the muon rest frame. ηth is the optimal threshold to measure the spin precession.

direction of the magnetic field is along the z-axis. The spin vector is displayed as red arrow

and precesses as
−→
Sµ=(cos(ωat), sin(ωat), 0) in the static magnetic field ~B = (0, 0, B).

In Fig. 54 (right), we adopt spherical polar coordinates (1, θ∗, φ∗) in the muon rest frame.

The polar angle is θ∗. φ∗ is zero when
−→
p∗e is in the x − y plane (the muon spin precession

plane). The unit vector of the decay positron momentum is displayed as a blue arrow and

is then expressed as

−→
p∗e/|

−→
p∗e | = (cos θ∗, sin θ∗ cos φ∗, sin θ∗ sin φ∗). (24)
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θS is the angle between ~Sµ and ~P ∗
e /| ~P ∗

e |. cos θs is obtained as,

cos θS = ~Sµ ·
~p∗e
|~p∗e|

= sin θ∗ cos φ∗ sin(ωat) + cos θ∗ cos(ωat). (25)

Note that cos θS behaves as a trigonometric function of (ωa t). There are 4 types of decays

we could detect; forward, backward, left, and right as displayed in Fig. 55.

Since ~Sµ is rotating in the x − y plane, the decay positron spectrum for any direction

behaves as a trigonometric function of (ωat):

Ne(t) = N0 · exp

(
− t

γµτ

) ∫ ∫
n(η){1 + a(η)Pµ cos θS}dηdΩ. (26)

Finally, the time spectra of four types of acceptance combinations for φ∗ and cos θ∗ are

listed in Table XII.

TABLE XII:
∫

cos θ∗d(cos θ∗) of several integral regions for forward-decay.

decay type θ∗ φ∗

forward 0 ≤ θ∗ ≤ π/3 0 ≤ φ∗ ≤ 2π

backward 2π/3 ≤ θ∗ ≤ π 0 ≤ φ∗ ≤ 2π

left π/4 ≤ θ∗ ≤ 3π/4 −π/3 ≤ φ∗ ≤ π/3

right π/4 ≤ θ∗ ≤ 3π/4 2π/3 ≤ φ∗ ≤ 4π/3

In the case where we detect decay positrons which are emitted in the direction of the

x-axis only, p̂e+ = (1, 0, 0), θS is the angle between ~S and the x-axis (=direction of p̂e+).

Therefore, θS is simply written as

θS = ωat. (27)

The time spectrum of decay positrons in this case is expressed as

Ne(t) = N0 · exp

(
− t

γµτ

) ∫
n(η){1 + a(η)Pµ cos(ωat)}dη. (28)

In order to extract ωa, we should detect positrons which have the highest asymmetry:

a(η) = 1 at η = 1. However, we lose statistics of decay positrons if we are limited only

within a narrow η-bin. We can determine an optimal threshold to measure ωa shown as ηth

in Fig. 53 (bottom). However, applying this threshold requires reconstructing the decay in

the muon rest frame, which cannot be done due to an uncertainty in the positron momentum

direction in the muon rest frame. We consider the decay, instead, in the laboratory frame.
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C. Lorentz boost

The muon rest frame is rotating in the lab frame, as displayed in Fig. 56. Decay positrons

in the Lab-frame are boosted as follows:

 Ee

pe cos θ


 =


 γµ γµβµ

γµβµ γµ





 E∗

e

p∗e cos θ∗


 , (29)

and

pe sin θ = p∗e sin θ∗. (30)

Here, ~p∗e = p∗e(cos θ∗, sin θ∗ cos φ∗, sin θ∗ sin φ∗) and θ∗ and θ∗ are in the spherical polar co-

ordinate system in the muon rest frame. φ∗ is an angle on the plane perpendicular to the

x-axis, therefore there is no change between the frames,

φ = φ∗. (31)

The left plot in Fig. 57 displays the decay positron energy spectrum in the muon rest

frame. η is normalized by its maximum energy. The right plot displays the energy spectrum

of decay positrons in the Lab frame, with a µ-beam momentum of pµ = 300 MeV/c.

Figure 58 displays the Elab vs. cos θlab scatter plot for all positrons generated by Geant4,

Pµ = 1. θlab is the cone angle with respect to the XLab-axis in the rotation frame as

shown in Fig. 56. The positrons are boosted towards the direction of the muon momentum

(cos θlab ≥ 0.96 or θlab ≤ 0.3 [rad]).

As we introduced, we have spin-dependent spectra by selecting events of η > 0.75 in a

certain solid cone angle as in Table XII. In the next section, we will discuss energy spectra

of such solid angles.
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D. Energy spectra in the lab frame

Figure 59 displays energy spectra in the lab frame for forward, backward, left and right-

decays as seen in the muon rest frame in Fig. 55. The thin black line is the histogram for

all decays. The thick black line corresponds to η > 0.75, when η is the positron energy

fraction in the muon rest frame. The pink and purple filled areas are forward and backward

decays. The green and orange thick lines are left and right decays. (Table XII defines the

acceptances.)

The emission angle in the muon rest frame determines whether the positrons in the lab

frame are strongly boosted or not, and cause energy dependence in the lab frame, with

forward decays highly boosted, with Elab > 180 MeV.

Figure 60 shows the positron time spectra for 65 M simulated events for a set of positron

energy ranges in the lab frame. This corresponds to Eq. 26. Integral interval for η and theta∗

in the µ frame are related to the lab frame energy Elab interval as discussed in Eq. 33. The

spin precession ”wiggle” is evident for Elab ≥ 175 MeV, and is also visible at low positron

energy.

E. Event selection by lab-energy threshold

We can select forward-decay by applying a proper energy threshold in the lab frame.

We do not need to know of the information in the muon rest frame. In this section, we

will discuss the effective analyzing power as a function of energy threshold (Eth
lab) in the lab

frame [64]. The first goal of this section is to introduce an effective analyzing power for

forward-decay and the acceptance in the muon rest frame. We can then optimize the energy

threshold, using a figure of merit, for the measurement of ωa. we choose appropriate energy

threshold.

1. Relation between Elab, η and θ∗

To transform Eth
lab in the lab frame into a boundary condition in the muon rest frame, we

set the mass of the positron me = 0, βµ = 1 and express the energy or momentum in units
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of (p∗e)max (i.e. 1/2mµ). Equations 29 in this particular case become;

Elab

mµ/2
cos θ = ηγµ(1 + cos θ∗),

Elab

mµ/2
sin θ = η sin θ∗, (32)

θ is the angle of the positron and µ directions in the lab frame. Elab is given by

Elab

mµ/2
=

√
η2 sin2 θ∗ + η2γ2

µ(1 + cos θ∗)2. (33)

Taking γµ >> 1 and (Elab/η)2 >> 1, we obtain

cos θ∗ =
Elab

ηγµ

− 1. (34)

From this equation, we relate Elab to θ∗ and η.

The upper scatter plot in Fig. 61 displays correlation between cos θ∗ and Elab. These

events are all generated by Geant4. The boundary of the scatter plot corresponds to

Eq. 34 at η = 1, which is shown in the black solid line in the middle and bottom plots. The

blue and red dotted lines correspond to η = 0.5 and η = 0.75. The filled area in green in

the middle plot is forward-decay in the muon rest frame. The filled area in blue, edged with

pink in the bottom plot represents forward-decay selected by Elab. These plots suggest the

most of the areas of the two types of selected forward-decays are common.

In the next subsection, we will discuss how to find a proper energy threshold Eth
lab at given

γµ.

2. Appropriate Eth
lab for the maximum FOM

We describe the relative number of events above an energy threshold of Elab ≥ Eth
lab as

Cth. From Eq. 26 integration over Ω and η:

Cth =

∫
n(η)dη

∫
d(cos θ∗)

∫
dφ∗∫

dη
∫

d(cos θ∗)
∫

dφ∗
. (35)

The analyzing power for Elab ≥ Eth
lab:

Cth · A =

∫ ∫ ∫
n(η)a(η){cos θ∗ cos(ωa · t) + sin θ∗ cos φ∗ sin(ωa · t)}dηd(cos θ∗)dφ∗∫

dη
∫

d(cos θ∗)
∫

dφ∗
. (36)
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The two integrals are not independent in the lab frame but are related to Elab as shown

in Eq. 34. By using Eq. 34, two equations become

Cth =

[
1− 5b

6
+

b3

8
+

b4

48

]
,

Cth · A =

[
b

6
− b3

8
+

b4

24

]
, (37)

b = Eth
lab/γµ and Eth

lab is unit of mµ/2. The figure of merit for the measurement of ωa is

Cth · A2. Figure 62 displays Cth and A and FOM ∝ as a function of b.

In this way, we can select an appropriate Eth to have the maximum FOM at any γµ. Eth
lab

is 200 MeV for γµ = 3. And we have Cth = 0.13 and A = 0.46. This laboratory energy

threshold selects forward positron decays in the muon rest frame, and give the optimum

figure of merit for measuring ωa

F. Confirmation of Geant4

Finally, we estimate Cth and A by Geant4 applying Eth
e = 200 MeV with a condition of

γµ = 3 and B = 3 T. Event fraction in red area in Fig. 63 is 13 %. This is consistent with

expected value from 62. Time spectrum generated by Geant4 confirms A by applying fit

function,

F (t) = F · exp(− t

γµτ
) [1 + A cos(ωa t)] , (38)

with three free parameters of F , A and ωa.

Extracted anomalous period 2π/ωa from time spectrum is 2112.1 ns, and consistent with

expected value 2111.7 ns within the statistical uncertainty of the simulated events.
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FIG. 54: Top: The direction of the the beam (along the x-axis) and the direction of the magnetic

field (along the y-axis) in the muon rest frame are defined. The spin vector, displayed as a red

arrow, precesses as ~Sµ = (cos(ωa · t), sin(ωa · t), 0). ~pe is the momentum of the positron. θS is the

angle between ~Sµ and ~P ∗e /|~P ∗e |. Bottom: We adopt the spherical polar coordinates (1, θ∗, φ∗) with

the polar angle θ∗ and φ∗ = 0 on the plane of the muon spin precession (the x-y plane). The unit

vector of the decay positron is ~P ∗e / | ~P ∗e | =(cos θ∗, sin θ∗ cosφ∗, sin θ∗ sinφ∗) as displayed as a blue

arrow. θ∗ is the angle between the blue arrow and the x-axis. φ∗ is the angle between ~OH and the

y-axis. Here H is the projection of the blue arrow in the y − z plane.
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FIG. 56: This figure explains the rotation frame. XLab, YLab and ZLab denote the lab frame. In

the presence of a static magnetic field along the ZLab-axis, a µ particle with non-zero βµ undergoes

cyclotron motion in the XLab − YLab plane. The origin of the rotation coordinate system is the µ

decay point. We set the XRot-axis to be the direction of the µ beam (βµ), and the ZRot-axis is

parallel to the ZLab-axis.
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FIG. 57: Energy spectra simulation generated by Geant4. Top: Emission energy spectrum of

decay positrons in the muon rest frame, normalized by its maximum energy (p∗e)max. Bottom:

Emission energy spectrum of decay positrons in the lab frame. We set the µ-beam momentum to

300 MeV/c for this simulation.
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FIG. 58: Elab vs. cos θlab scatter plot for all positrons generated by Geant4, Pµ = 1. Positrons

with Elab ≥ 200 MeV are emitted in the forward direction (θlab ≤ 0.3 [rad]) with respect to the µ

direction in the muon rest frame.
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FIG. 59: Energy spectra of the decay positrons from µ (pµ = 300 MeV/c) in the lab frame. Gray

line is same as right plot of Fig. 57. The thin black line is the histogram for all decays. The thick

black line corresponds to η > 0.75. The pink and purple filled areas are forward and backward

decays. The green and orange thick lines are left and right decays. Although we select events

η > 0.75 in the muon rest frame, the emission angle affects the positron energies in the lab frame.
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FIG. 60: Positron time spectra generated by Geant4 for 65M events for several energies, with

Pmu = 1. Spectra of Elab < 100 MeV (Elab > 175 MeV) correspond to backward-decay (forward-

decay) in the muon rest frame.
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FIG. 61: Up: Elab vs. cos θ∗ scatter for all positrons generated by Geant4. The boundary comes

from Eq. 34 at η = 1.

Middle and bottom: Correlation between cos θ∗ and Elab introduced in Eq. 34. The black solid

line corresponds to η = 1. blue and red dotted lines correspond to η = 0.5 and η = 0.75. The filled

area in green (middle plot) is the selected area by parameters in the mu rest frame. The filled area

in blue, edged with pink for is for the lab-threshold.
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FIG. 63: Energy spectrum of decayed positrons. Above Ee > 200 MeV region, which is filled in

red, is 13%. This is consistent with Cth = 0.13 from Fig. 62.
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VIII. DETECTION OF DECAY POSITRON

Detectors to measure the decay positrons from the muon beam are discussed in this

section.

A. Requirements

After injection into the muon storage region, the positive muons circulate in a plane

parallel to the magnetic field with a radius of 33 cm. They decay into a positron and two

neutrinos with a time-dilated lifetime of 6.6 µs. The anomalous muon precession period is

2.2 µs, which is about 300 times the cyclotron period (7.4 ns), i.e. the muon spin rotates

360 degrees in every 300 turns in the storage region. Because of the parity violation in the

weak decay of the muon, there is a correlation between the muon spin and the direction

of the positron momentum. The correlation (analyzing power) has an energy and angular

dependence.

In the muon center of mass frame, the positrons tend to decay towards the direction of

the muon spin at the maximum positron energy of Emax=52.8 MeV (the Michel edge). The

analyzing power becomes smaller in the mid-energy range of E/Emax ∼ 0.5, then becomes

negative in the lowest energy range of E/Emax ∼ 0, where the direction of the positron

tends to be opposite of the the muon spin direction. This correlation allows one to measure

the time dependence of the muon spin direction by detecting positrons and their energy as

a function of time.

This correlation remains in the laboratory frame. From Fig. 62, it is clear that higher

analysing power is obtained with the higher energy threshold, while the number of positrons

decreases. The statistical uncertainty is proportional to the figure-of-merit (FOM) CthA2.

The FOM is maximum at around Eth = 190 MeV. The maximum positron energy in the

laboratory frame is 310 MeV. Thus the positron detector should be efficient, especially to

detect positrons in the energy region above ∼190 MeV.

Due to the Lorentz boost, the positron direction is confined to a narrow cone parallel

to the parent muon direction. The positrons curl into the inner part of the muon storage

region where the magnetic field is as strong as that in the muon storage region (3 T). The

positron momentum component parallel to the magnetic field causes it to drift vertically.
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The detector system needs to large enough to accept positrons which curl to the inside of the

muon storage region with a vertical drift. We have set the volume for the detector system

as a tube inside the muon storage area with 40 cm in height and 27 cm in radius.

The time sequence of the g − 2 measurement is shown in Fig. 65. The muon beam spill

comes every 40 ms schyncronously with the J-PARC RF signal. The proposed rate of the

muon beam is 106/s = 40000 muons per spill. About 10 percent of the decay positrons, 4000

positrons per spill, survive the minimum energy cut mentioned above. We anticipate that

the contamination in the detector from positrons with other energies would be of the same

order as the signal positrons. Therefore, about 10000 positrons enter the detector system

per fill. The instantaneous rate of the whole detector system will be 10000 muons/6.6µs

= 1.6 GHz at injection. This becomes 10 MHz after 33 µs. The individual detector rate

would be this rate times the number of detector hits per track divided by the number

of channels. The individual detectors must keep their performance (resolution, efficiency,

response function) stable as a function of time in order not to introduce any undesired bias

in the timing distribution which in turn will be a source of systematic uncertainty.

The detectors and their readout electronics must operate under a 3 T magnetic field. Any

electric field from the detector and readout electronics should be sufficiently small so that

the electric field in the muon storage region is negligible for the measurement (a few mV/m

for a ppb systematic uncertainty).

We propose to use an array of radial vanes made up of silicon detectors, radially sur-

rounded by fine-segmented timing counters with, an active absorber material (EM calorime-

ters) on the inner side of the tracking detectors. The conceptual layout of the detector

system is shown in Fig. 66.

B. Silicon tracker

The instantaneous rate will be as high as 1.6 GHz in the detection volume. High granu-

larity is desired to suppress systematic uncertainty from pile-up. Tracking the positrons with

position sensitive detectors is beneficial in a sense that effects of pile-up can progressively

be suppresesd by requiring hit-to-hit correlations in the track reconstruction. The existance

of the strong magnetic field in the detection volume provides for momentum analysis.

Silicon strip detectors are considerd as the tracking detector since these detectors are
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compact, highly segmented, have stable gain, and do not introduce high electric field in the

detection volume. The sensitive area of the silicon detector, we plan to use, is a double-sided

AC-coupled rectangular silicon sensor with vertical and stereo strips with 200 µm pitch. The

size of the sensor is 10 cm wide and 20 cm high. A total of 64 units of silicon strip planes

will be radially placed in the detection volume to efficiently detect the circular tracks of the

positrons. 32 units are used to form a set of vanes in the upper half of the detection volume,

while another 32 units are for the lower half. There are 1500 strips per unit, and 96k strips

in total.

At injection, there will be on average 12 tracks in the first cycrotron period (7.4 ns), and

the instantaneous rate would be about 1 MHz per strip. About 1 ns timing resolution is

required to disentangle overlapped positron tracks. Figure 67 shows example decay positron

events for three positron energies. It can be seen that at the higher positron energy, the

track path-length in the detection volume becomes longer, and thus more hits register in the

tracker. On the other hand, acceptance becomes less and less at lower energies. At energies

below 50 MeV, the tracker is completely insensitive to these unwanted positrons, i.e. the

radius of curl up is so small that it can not be seen by any vane. Note that we are not

sensitive to positrons at the highest energy (E>280 MeV) since the radius of the positron

track is similar to that of muons.

C. Absorber/calorimeter

The inner tube of the detection volume with a radius of about 10 cm will be filled

with heavy material to block a range of lower energy positron tracks. This is to prevent

unwanted low-energy positron tracks from spiraling and continuing to keep hit the tracking

detector, resulting in an increase of data volume. The absorber material and configuration

will be chosen so that a calorimetoric measurement of positron energy will be possible. The

calorimetric information can be used to crosscheck the calibration of the track momentum

scale using a lower intensity muon beam. The track-integrated information, such as the

total energy deposit and the energy-weighted position, will be useful in monitoring the

muon beam intensity and position during the g − 2 measurement with full beam intensity.

Note that the instantaneous rate of the order of a GHz at injection would not allow retrival

of useful calorimeter information for individual track during the g− 2 measurement, with a
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FIG. 65: Time sequence of the g − 2 precession measurement

FIG. 66: Layout of the positoron detector system

foreseenable calorimeter segmentation.
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FIG. 67: Example positoron trajectries in the detector system at three different energies of

positrons. The green circle is the muon beam orbit. The red trajectory is the trace of the positron

track. The white tracks are photons.
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IX. READOUT ELECTRONICS AND DAQ

The global timing structure of the g − 2 measurement is shown in Fig. 65. The beam

spill, which corresponds to the injection of the muon beam to the storage ring, arrives in

every 40 ms (25Hz). After the beam is moved to the good field region, the detector system

starts the measurement of the decay positron. The measurement will continue for five life

times, i.e. 33 µs. The expected positron rate immediately after injection is 1600 MHz, and

the rate reduces to 10 MHz after 33 µs. The total number of decay positrons per spill is 10k,

which is estimated assuming 10 percent of the decay positrons after the energy cuts (4,000

) plus 6,000 as background.

The very high instantaneous event rate requires fine granularity and timing resolution

for the detectors and front-end electronics in order to reduce the probability of signal pile-

up. The short duration (33 µs) of the measurement allows us to continuously take data of

the signal timing and/or amplitude from the detectors and to store the data in memories

on front-end electronics. The scheme can eliminate dead time and unexpected structure of

timing profile, i.e. the dead time introduces a rate-dependent inefficiency in the read out

which will skew the timing distribution. The long interval (40 ms) between the measurement

and the subsequent spill enables us to send the data after their proper processing to a back-

end DAQ system.

Figure 68 shows a conceptual block diagram of the front-end board. Signals from the

tracker detectors, assuming a silicon strip detector, are processed by Amplifier Shaper Dis-

criminator (ASD) circuits. The binary signal outputs by the ASD are then routed to Time-

to-Digital Converter (TDC) circuits, where the arrival times of leading edges are stored in

a buffer memory (Spill Buffer). The TDC measurement starts at receiving the “START”

signal and stops at the end of the preset period, which should be shorter than the Buffer

size. The resolution must be of order 1 ns and a dynamic range longer than 33 µs is required

for the TDC and the buffer memory. When the measurement stops, the front-end proces-

sor circuit starts data processing. The processor reads raw data from the buffer memory

and performs zero-suppression and re-formatting for the data compaction. A set of spill

data fragments, which includes a fragment header and trailer, is prepared and sent to the

back-end DAQ system using a set of a high speed serializer and an optical transmitter (TX)

via an optical fiber. The fragment header and trailer contains Board Number Identifier
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FIG. 68: Block diagram of the front-end board.

(BNID), Spill Number Identifier (SNID), status of the board, the data size, etc. and Cyclic

Redundancy Check (CRC). The real time control signals, e.g. Clock, Start, Reset and Test

Pulse Trigger, are provided from a set of an optical receiver and a de-serializer (RX). The

bidirectional links (a set of TX and RX) are also used for system configuration, control and

monitoring of a front-end board. The baud rate per the optical link will be higher than

2 Gbps. The foreseen data fragment size per spill is less than 100 kB per link, when each

100mm x 200mm double-sided silicon strip detector (1,500 channels strips) is covered by one

front-end board. The ASD and the TDC will be ASIC’s. Several ASIC’s are on the market

and have some of the desired functionality, but none could have all. We are ready to un-

dertake a preliminary design effort. The back-end DAQ system collects the data fragments

from front-end boards and builds a complete data set for each spill. The PC farm, which

consists of parallel PC’s, receives spill data sets via a Gigabit Ethernet network switch and

does online analysis.
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X. SYSTEMATIC UNCERTAINTIES

We discuss here systematic issues and estimate systematic uncertainties, comparing th

the experience of the BNL E821 experiment.

The measurement consists of two separate precision measurements ; the magnetic field

as seen by the stored muons, and the frequency of the muon spin precession, as observed in

the high energy decay positrons.

For the measurement of B, the field, the main issues are to monitor the field in the storage

ring, vacuum, to map the field frequency, and to calibrate these probes with great precision.

The uncertainties, in these steps are greatly improved if the field is more uniform. The

expectation is for a 1 ppm locally flat field for the solenoid storage ring in this experiment

vs. ± 50 ppm local variation for E821. Therefore, most issues for B should be significantly

improved for this experiment.

For the measurement of the spin precession frequency, this experiment will use high gran-

ularity tracking to overcome much higher instantaneous intensity than E821. All systematic

uncertainties for ωa derive from differences in detection early in the measurement time com-

pared to late. The high granularity in this experiment leads to a concern that the detector

elements may not see the same proportion of positrons early to late. We must estimate

this uncertainty. Handling of pileup is crucial. this experiment will have the advantage of

no significant flash in in the detectors at injection, which was due to incoming pion along

with the muon for E821. Several systematic uncertainty issues for E821 were related to the

flash – detector had to be turned off or down at injection, thresholds had to be set higher

accounting for the flash.

There are many differences of the proposed measurement and E821:

• The storage ring magnet for this experiment will be much smaller diameter than E821,

and is expected to have a much more locally uniform field.

• The 1.5 T field will be used in this experiment.

• The instantaneous rate in the positron detection in this experiment will be over 100×
greater than for E821, before consideration of detector granularity.

• This experiment will primarily use tracking to measure the positrons, while E821 use

calorimeters.
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• The granularity of the detectors will be 96k channels/ 6 hits/ track = 16k, while the

granularity for E821 was 24.

• The detector will be in the storage ring vacuum, while the E821 calorimeters were

outside the vacuum, separated by a scalloped vacuum chamber wall.

• The detectors will be much closer to the muon decay point and reconstruction to the

decay point using the timed location of the narrow muon bunch may be possible.

The development of the design and its systematic uncertainties will be an ongoing process

throughout the design, measurement, and analysis stages. As it was for E821. At this time

we have used the published systematic uncertainty tables from E821 as a starting point to

develop table for this experiment. These follow, with estimates for J-PARC where possible

at this time, and with remarks.
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TABLE XIV: Systematic uncertainties for B.

Source of errors E821-R01 (ppm) J-PARC (ppm) Remarks for this experiment

Absolute calibration of standard

probe

0.05 0.05 Issue is how spherical is the

absolute probe–same issue for

this experiment

Calibration of trolley probes

(field measurement on the muon

trajectory)

0.09 <0.09 Much better field uniformity

expected for this experiment,

so that transferring calibra-

tion from absolute probe to

trolley probes should have

less uncertainty from position

errors.

Trolley measurement B0 0.05 <0.05 Much better field uniformity

in this experiment

Interpolation using fixed probes 0.07 <0.07 Should be smaller in this

experiment due to expected

uniformity and stability of

smaller magnet

Uncertainty from muon

distribution

0.03 <0.03 Should be small with tracking

and bunched beam

Inflector fringe field uncertainty 0.00 0.00 no inflector

Othersa 0.10 – Need to consider these, and

others?

Higher multipoles (should be negligible for solenoid for this experiment)

Trolley temperature

Trolley power supply voltage response

Eddy currents from kicker

Total systematic error on ωp 0.17 <0.07(goal)

a
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XI. ELECTRIC DIPOLE MOMENT

Just as the anomalous magnetic moment of the muon, aµ has been measured for more

than half a century, the electric dipole moment of the muon, dµ has also been searched

for many years. While aµ serves as a solid test ground for the Standard Model of the

particle physics, non-zero dµ value immediately means CP violation in the lepton sector. It

is parametrized as

~dµ = η
e~

2mµ

~s. (39)

In the presence of the static field ~B and ~E, the Hamiltonian of the system can be written as

H = −~µµ · ~B − ~dµ · ~E. (40)

Equation 40 gives a definition of dµ. The second term, −~dµ · ~E is odd under P and T

transformations. Therefore nonzero value of the dµ violates T , and also CP , if CPT theorem

holds.

The most recent measurement of dµ (as well as aµ), E821[5] at Brookhaven National

Laboratory (BNL), has constrained dµ down to ≤ 1.9×10−19e ·cm. The dµ limit is, however,

still required to be improved.

In the presence of the electric dipole moment, the static magnetic field ~B and static

electric field ~E, the EDM rotation ~ωη is given as an additional rotation to the muon spin

precession:

~ωall = ~ωa + ~ωη = − e

mµ

[
aµ

~B −
(

aµ − 1

γ2 − 1

) ~β × ~E

c

]
+

e

mµ

[
η

2

(
~β × ~B +

~E

c

)]
. (41)

Eliminating the terms proportional to the electric field, Eq. 41 simplifies as

~ωall = ~ωa + ~ωη = − e

mµ

[
aµ

~B − η

2

(
~β × ~B

)]
. (42)

Since the rotation axises due to aµ and dµ are orthogonal to each other, separation of these

signal should be possible. Based on this fact, E821 group measure dµ without changing

experimental configuration with moderate precision.

Instead of setting the spin direction along the muon momentum direction, we can rotate

the muon spin axis from the momentum direction to parallel to the magnetic field; spin up

(or anti-parallel; spin down), such that the precession measurement depends only on the dµ.
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In this case, the time evolution dependence of the positron yield is written as:

Ne(t) = N0 · exp

(
− t

γµτ

)
{1 + APµ sin(ωη t) · cos(ωa t)}. (43)

Because ωη is much smaller than ωa, APµ sin(ωη t) term can be treated as an effective

amplitude, and should grow as a function of time, if ωη is not precisely zero. This means

that the observation of the spin precession is a direct measurement of the non-zero dµ. The

upper plot in Fig. 69 displays the time dependence of positron yield for dµ = 10−19e · cm
with the muon spin up. The statistics is set as the half that of the g−2 experiment to reach

the 0.1 ppm for aµ. If we have another half statistics with the muon spin down, we can take

asymmetry of these two time spectra. The lower plot in Fig. 69 displays asymmetry as a

function of time spin up and down. Figure 70 displays the same but dµ = 10−22e · cm case.
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FIG. 69: Top: Time spectrum of positron of dµ = 10−19e · cm for Pµ = 1 (Initial spin direction is

parallel to the magnetic field).

Bottom: Asymmetry of positron yield as a function of time for spin up and spin down for 5

lifetimes. Red solid line is fitted line with an expected function (reduced chi-square value is 1.1).

Envelope behaves as APµ sin(ωη t).
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lifetimes. Red solid line is fitted line with an expected function (reduced chi-square value is 1.1).
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XII. SCHEDULE AND COST

We intend to start the experiment in 2014 as shown in Fig. 71. There are four major areas

of activities: the ultra-cold muon Source, the ultra-cold muon beam, the ultra-precision field,

and the detector system. Especially the development of the muon source represents a major

challenge. We plan to perform a test experiment at TRIUMF to optimize the muonium

production target in 2010. In parallel, we plan a test experiment at Rutherford with a

newly developed high-power laser system.

The Muon LINAC can be constructed in two years, and be commissioned together with

the source.

We have started a conceptual design of the ultra-precision field employing technology

developed for MRI. We expect to have an engineering drawing in a year so that construction

would start in about one year. The measurement scheme with NMR probes is being devel-

oped at this time. A test of this technique at 1.5 T is planned, followed by a test in a 3 T

magnet at National Institute of Radiological Science (NIRS). A reasonably long commis-

sioning time is allocated for the magnet, since it would be one of the most time-consuming

process to shim the magnet to sub-ppm level.

The physics production run should be divided into a few phases at least; the first step

would be to reach similar precision to the E821, then further improvements would follow.

A cost estimate is given in Table XV. This is very preliminary without engineering

designs, but we will give the basis for each number.

• Surface muon transport

The surface muons produced at the production target will be transported to exper-

imental hall for muonium production. The first capture solenoid should be made

radiation resistive. Therefore, the cost estimate is based on the current conceptual

design which requires 960 m of minerally insulated coil (MIC). The super conducting

curved solenoid is assumed for further transport line to maximize the transport effi-

ciency. In addition, the area should be shielded very carefully. Detailed cost estimate

requires more detailed facility design, which is the next step.

• Laser Ionization of Mu

The laser for this experiment is being prepared at RIKEN.
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FIG. 71: Preliminary schedule of the efforts towards the experiment.

• Muon LINAC

The current design assumes significant overlap in design with the existing J-PARC

LINAC. This approach is expected to reduce the cost of the LINAC.

• Ultra-precision magnet and monitor

The current design of the magnet resulted in the stored energy of ∼30 MJ. We are

working on the reduction of the energy. A major cost driver for the magnet would be

person-power to achieve the required precision. Since the magnet is the heart of the

experiment, we will work out the details with the in-house experts. Consequently, the

cost would be minimized.

• Detector

We currently assume silicon detector for the tracking detector for muon decays. It

would be followed by the absorber/calorimeter.
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TABLE XV: Preliminary estimate of the cost of this experiment.

Item Cost (Oku-yen)

Surface Muon Transport Facility

Ultra-Cold Muon Source

High-power Laser System 3.0

Initial Acceleration System 0.5

Muon LINAC 15

Ultra-precision Magnet

Solenoid 10

Field Monitor 1

Detector System

Silicon Tracker 1.5

Readout Electronics 0.5

TOTAL 32 + Facility
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XIII. SUMMARY

We propose to measure the anomalous magnetic moment of the positive muon aµ down to

the level of 0.1 ppm with a novel technique utilizing an ultra-cold muon beam accelerated to

320 MeV and a 66 cm diameter precision magnetic storage ring without focusing field. The

beam will be also useful in measuring the electric dipole moment beyond current precision.

The proposed measurement will provide a rigorous test of the Standard Model of particle

physics as demonstrated by previous experiments. Our measurement will be complimentary

to the previous measurement which was done at 3.1 GeV, the “magic“ energy approach with

a 14 m diameter storage ring. This proposed experiment will have very different systematics

from the previous experiment.

There are many challenges in realizing the experiment. Those include

• increasing the surface muon flux,

• optimizing the muonium target,

• realizing the high-power Lyman-α laser,

• developing the scheme to maximize the muon polarization,

• finishing the actual design of the re-acceleration system,

• monitoring the very low intensity muon beam,

• realizing the ultra-precision magnetic field with zero electric field, and

• developing the high-rate tracking detctor system.

Although we have touched the most of the areas mentioned above, and we have developed

the time-line of these R&D activities, we are almost sure that we will have new challenges

on the way to realizing the experiment. It is the nature of this kind of precision physics,

which requires continuing efforts.

We conclude this proposal by requesting the lab’s deep involvement into this

new experiment, which has full of new challenges!
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