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Abstract

Measurement of the ground state hyperfine structure of muonium (muonium HFS) is planned

at J-PARC/MLF. Muonium is a hydrogen-like bound state of leptons, and its HFS is a good

probe for testing QED theory. The muon mass mµ and magnetic moment µµ which are fun-

damental constants of muon are determined from the muonium HFS experiment at LAMPF.

Those constants are also required in the new measurement of anomalous magnetic moment at

the J-PARC. Accuracy one digit higher than that of the latest experiment is expected mainly

because of high intensity beam line at J-PARC. We aim to start this experiment within a

few years.

Transition frequency of muonium HFS is determined indirectly by Zeeman Effect in strong

field. By driving the transitions with an applied microwave magnetic field perpendicular to

the static magnetic field, the muon spin could be flipped and the angular distribution of high

momentum positrons changed from predominantly upstream to downstream with a respect

to the beam direction.

In this experiment, the structure of a gas chamber and a cavity play important roles for

the precise measurement. A purity and a pressure of the Kr gas, a stability of the RF power,

an uniformity of the resonance magnetic field and a temperature in the cavity cause to add

a uncertainty to the result of the measurement.

Since the transition frequencies of muonium measured in a gas vary with the gas pres-

sure, the transition frequencies in vacuum are determined by extrapolating the measured

frequencies at several different gas pressures. The axial length of the cavity is long to stop

muons in the cavity at a low gas pressure. Also the cavity has a stable RF system and a

mechanism of tuning resonance frequencies in to the transition frequencies. Measurements

of frequency characteristics of the cavity and performance evaluations of the mechanism of

tuning resonance frequencies are held at RIKEN Nishina Center.
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Chapter 1

Introduction

Spectroscopy of hydrogen-like atom has played a great role in scientific developments since

the birth of quantum physics. Bohr model of atoms was constructed by from spectroscopic

data of hydrogen. In a similar way, current quantum mechanics is based on spectroscopy of

hydrogen (e.g. formulation of quantum mechanics by Schrödinger, explaining fine structure

by relativistic quantum mechanics and explaining lamb shift by QED). Recent technology

upgrades enable all the higher precision spectroscopy. For instance, the accuracy of spec-

troscopy of the 1s-2s transition in hydrogen is 0.0042 ppt [12] and that of the transition of

ground state hyperfine structure (HFS) is 0.6 ppt [13, 14].

1.1 Measurement HFS transition of Hydrogen-like atoms

Hyperfine structure is induced by the interaction between the magnetic moment accompany-

ing the nucleus and the electron spin. Figure 1.1 shows the developments of atomic energy

levels induced by different interactions. In this section, comparing of the current measured

values and the theoretical calculations of HFS interval of the grand state: hydrogen (see

Section 1.1.1), positronium (see Section 1.1.2), muonium (see Section 1.1.3) are described.

1.1.1 HFS transition of hydrogen

The latest result of spectroscopy of ground state HFS transition of hydrogen is

∆HFSex
H = 1.4204057517667(9) GHz (0.6ppt) [14]. (1.1)
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n=2

n=1

Bohr’s model Fine structure QED(Lamb shift) Hyper!ne

　　　

Figure 1.1: Developments of spectroscopy of hydrogen atom. Energy splitting between the

red lines is ground state hyperfine splitting.
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Chapter 1 Introduction

Theoretical calculation predicts as high as 560 ppb like

∆HFSth
H = 1.4204031(8) GHz (560ppb) [15]. (1.2)

Thus the accuracy of the theoretical calculation is far from that of experimental result. The

main reason comes from the proton internal structure. Precise test of QED theory using such

a structured particle has a difficulty.

1.1.2 HFS transition of positronium

Another example of hydrogen-like atom is positronium. Positronium is a bound state of

electron e− and positron e+. Positronium is formed by leptons only like muonium, and the

uncertainty of calculation is smaller than hydrogen. The latest value of positronium HFS

transition evaluated from the results of two groups is

∆HFSex
Ps = 203.38865(67) GHz (3.3ppm) [16]. (1.3)

The value of theoretical calculation is

∆HFSth
Ps = 203.39169(41) GHz (2.0ppm) [17]. (1.4)

The value of theoretical calculation has 3σ deviation from the experimental result. As a

matter of course, there are some possibilities of problems of calculation or common systematic

errors in the past experiments. However the deviation could be due to new physics beyond

Standard Model such as unknown particles. The precise measurement of positronium is

underway by Asai laboratory of University of Tokyo.

1.1.3 HFS transition of muonium

Ground state hyperfine transition of muonium is also studied many times in the past. Muo-

nium is a bound state of positive muon µ+ and electron e−, it is also a leptonic system as

positronium. The latest result by LAMPF is

∆HFSex
M = 4.463302765(53) GHz (12ppb) [18]. (1.5)

The latest theoretical calculation is

∆HFSth
M = 4.46330288(55) GHz (120ppb) [19], (1.6)
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which are consistent with each other at the accuracy level of ppm. Since muonium is a

pure leptonic atom, the value of muonium HFS transition is able to be calculated with

great precision from QED (see Equation 1.6), unlike the case of hydrogen (see Equation

1.2). Moreover, the accuracy of theoretical calculation of muonium HFS will be improved by

higher-order QED calculation (see Section 1.3).

1.2 Experimental background

Table 1.1 and Figure 1.2 show previous experimental values. These values are consistent with

theoretical calculation nevertheless, more precise measurement and calculation are required

for testing QED theory and there are some other motivations described in Section 1.4. There

is no experiment since 1999, however, highest intensity pulsed muon beam provided by J-

PARC/MLF would enable more precise measurement. Possible improvement of accuracy in

this experiment will be discussed in Section 2.5.

Time Group ∆ν ppm Ref

1961 Yale-Nevis 5500+2900
−1500 MHz [20, 21]

1962 Yale-Nevis 4 461.3(2.0) MHz 450 [22, 23]

1964 Yale-Nevis 4 463.24(12) MHz 27 [24, 25]

1966 Yale-Nevis 4 463.18(12) MHz 27 [26]

1969 Yale-Nevis 4 463.26(4) MHz 9.0 [27]

1969 Chicago 4 463.317(21) MHz 4.7 [23, 28]

1970 Chicago 4 463.302 2(89) MHz 2.0 [29]

1971 Yales-Nevis 4 463.308(11) MHz 2.5 [30]

1971 Chicago 4 463 301.2(23) KHz 0.5 [31]

1973 Chicago-SREL 4 463 304.0(1.8) KHz 0.4 [32]

1975 Yale-Heidelberg-LAMPF 4 463 302.2(1.4) KHz 0.3 [33]

1977 Yale-Heidelberg-LAMPF 4 463 302.35(52) KHz 0.12 [34, 35]

1982 Yale-Heidelberg-LAMPF 4 463 302.88(16) KHz 0.036 [36]

1999 Yale-Heidelberg-LAMPF 4 463 302.765(53) KHz 0.012 [18]

Table 1.1: Comparison of muonium HFS measurements.
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Figure 1.2: (a) Values of muonium HFS at several past experiments since 1970. A blue area

is a range of the theoretical value from Equation 1.6. (b) An accuracy of those values. The

accuracy of the muonium HFS measurement have been exponentially increase.
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1.3 Theoretical background

Following QED theory, ground state hyperfine splitting of muonium is able to be disintegrated

into three,

∆νHFS = EF (1 + ϵQED) + ∆νstrong +∆νweak. (1.7)

where EF is Fermi energy given by

EF =
16

3
(Zα)2R∞

µµ

µB
(1 +

me

mµ
)−3. (1.8)

Table 1.2 summarizes fractional contributions to a muonium HFS. QEDi corresponds

to ith-order correction of QED calculation. The biggest theoretical uncertainty arises from

calculation of the Fermi energy, where the accuracy of the muon magnetic moment and muon

mass play theoretical role.

Two fractional contributions beyond QED theory are due to weak and strong interaction.

The leading term of weak interaction is induced by the neutral currents given by a Z-boson

exchange. The contribution is expressed as [37, 7]

∆νweak =
2GF√

2

(Zα)3

πn3
m3

r ≈ −0.067 KHz. (1.9)

where GF is the Fermi constant of the weak interaction. Second largest contributions of weak

interaction are 1 % of the leading contribution (see Equation 1.9) and thus negligible [38].

The leading term of hadronic contribution is presented in the form [39, 7]

∆νhad−−vp = − Z

2π3

m

M
νF

∫ ∞

4m2
π

dsσ(s)H(s) = 0.233(3) KHz. (1.10)

where Z is the nuclear charge.

The problem of the thoeretical accuracy of QED effects doesn’t negletible. QED contri-

butions is able to be divided into three parts,

∆νQED = ∆ναe +∆ν(QED3) + ∆ν(QED4). (1.11)

The first term arises due to the electron anomalous magnetic moment αe which is the experi-

mental value [40]. The next term νQED3 includes third order of bound-sate QED effect known

with good accuracy. However, the fourth-order collections (νQED4) have large uncertainty

because they have not included either a non-recoil term or a recoil term.

20



Chapter 1 Introduction

Term Fractional contribution ∆E (kHz)

EF 1.000000000 4459031.88(50)(3)

αe 0.001159652 5170.925(1)

QED2 −0.000195815 −873.145

QED3 −0.000005923 −26.411

QED4 −0.000000123(49) −0.548(218)

Hadronic 0.000000054(1) 0.241(4)

Weak −0.000000015 −0.067

Total 1.000957830(49) 4463302.88(55)

Table 1.2: Theoretical calculation of muonium HFS [7].The biggest source of calculation of

the Fermi energy (EF ) is mainly limited by the knowledge of the muon magnetic moment or

the muon mass in proper units (see the number in the first bracket).To determine the muon

magnetic moment and muon mass is essentially the same as the g factor of a free muon is

known well enough. A smaller uncertainty in determination of the Fermi energy is due to the

fine structure constant (see the number in the second bracket). Major uncertainties are EF

limited by the knowledge of the muon magnetic moment or the muon mass and QED4 have

not yet been included either into a non-recoil term or into a recoil term.

1.4 Motivation

1.4.1 Determination of fundamental constants of the muon

The magnetic moment and mass of muon are fundamental constants of muon. The muon-

proton magnetic moment ratio
µµ

µp
is obtained by measurement of muonium HFS as

µµ

µp
=

∆ν2Mu − ν2
(
fp + 2sefpνfp

)
4sef2

p − 2fpν(fp)
(
gµ(Mu)

gµ
)−1, (1.12)

where ∆νMu and νfp are the sum and difference of two measured transition frequencies, fp is

the free proton NMR reference frequency corresponding to the magnetic flux density used in

the experiment, ge(Mu)
ge

is the bound-state correction for the muon in muonium and

sc =
µe

µp

gµ(Mu)

gµ
, (1.13)

where
gµ(Mu)

gµ
is the bound-state correction for the electron in muonium.
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The most precise value for
µµ

µp
obtained by the muonium HFS experiment at LAMPF [18]

and the recommended value of µµ from CODATA [41] are

µµ

µpHFS

= 3.18334524(37), (1.14)

µµ

µp CODATA

= 3.183345107(84). (1.15)

mµ

me
is also obtained by

µµ

µp
and the equation

mµ

me
=

gµ
2

µp

µµ

µe
B

µp
. (1.16)

The value from the experiment and the recommended value of
mµ

me
from CODATA [41]

are

mµ

me HFS
= 206.768276(24), (1.17)

mµ

me CODATA
= 206.7682823(52). (1.18)

The uncertainty of the value from muonium HFS is about four times the uncertainty of

the recommended value of CODATA. The reason is that measurement of muonium HFS

determine the value of α2mµ/mc. The value of the fine structure constant α is determined by

other data with an uncertainty significantly smaller than the value from the muonium HFS

experiment at LAMPF (see Section 1.4.2).

Thus more accurate measurement of muonium HFS may determine the values of
µµ

µp
and

mµ

me
.

1.4.2 Testing QED theory

As mentioned in Section 1.3, theoretical predictions of muonium HFS can be obtained with

high precision since the complications of proton structure are absent. It enables a most

sensitive test of two-body bound state QED. One of the fundamental probes of testing QED

theory is the fine structure constant α. α is able to measured by many different techniques

(see Figure 1.3). The QED calculation of the HFS is expressed in terms of the
mµ

me
and α.

A value for α may be evaluated by equating the experimental value of muonium HFS to its

theoretical expression.
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Figure 1.3: Values of fine structure constant publication of the CODATA 2006 [1]

. 　　　
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1.4.3 g–2 experiment

One of the contributions of the precise determinations of
µµ

µp
and

mµ

me
is to the g–2 experiment

planned at J-PARC/MLF. The experiment of BNL E821 reported 3σ deviation of anomalous

magnetic moment g–2 from Standard Model (see Figure 1.4). It indicates a possibility of

new physics beyond the Standard Model. A new muon g–2 measurement is planned at the

J-PARC which is able to give factor of 5-10 better than the BNLE821 result. Figure 1.5 shows

a conceptual drawing of the experimental setup of g–2 experiment. Polarized muons travel

on a circular orbit in a constant magnet field. The muon spin direction is corresponded to

muon momentum direction when muons enter the storage ring. By the motion of the muon

magnetic moment in the homogeneous magnetic filed the spin axis varies in a particular way

as described by the Larmor precession. Larmor angular frequency ωs is slightly bigger than

cyclotron angular frequency ωc by the difference ωα = ωs − ωc after each cycle.

ωc =
eB

2mµ
, (1.19)

ωs =
eB

2mµ
+ αµ

eB

mµ
, (1.20)

ωα = αµ
eB

mµ
, (1.21)

where αµ = (g−2)/2 is a anomalous magnetic dipole moment of muon. The magnetic field B

is measured by NMR using a standard probe of H2O at sub-ppm level. This standard probe

can be related to the magnetic moment of a free proton by

B =
ωp

2µp
. (1.22)

where ωp is the Larmor precession angular velocity of a proton in a water. Therefore, actual

value of the measurement is

R = ωα
ωp

(1.23)

= αµ
e

mµ

1
2µp

(1.24)

= αµ
e

2mµ

1
µµ

µµ

µp
(1.25)

= αµ
1
gµ

µµ

µp
(1.26)

=
αµ

1+αµ

µµ

µp
. (1.27)

Thus g–2 value is obtained by both R obtained by g–2 experiment and
µµ

µp
determined by

muonium HFS, more precise measurement of muonium HFS improves the accuracy of g–2
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Figure 1.4: A result of g–2 measurement at BNL. The significance of the deviation is 2.6

standard deviations from the existing theory [2].
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Figure 1.5: A conceptual drawing of the experimental setup of the g–2 experiment.

　　　

1.4.4 Testing CPT and Lorentz invariance

Hamiltonian terms beyond the standard model violating CPT and Lorentz invariance would

contribute frequency shifts of muonium HFS transition. The shifts of muonium HFS would

be indicated by anti-correlated oscillations in ν12 and ν34 at the earth’s sidereal frequency.

Figure 1.6 shows that no time dependence was found at a level of 20 Hz at the LAMPF

experiments [3]. More precise measurement can test the CPT and Lorentz violation.
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Figure 1.6: Two years of data on ν12 and ν34 at the LAMPF experiment are shown binned

versus sidereal time and fit for a possible sinusoidal variation. The amplitudes are consistent

with zero [3].
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Experimental strategy

This chapter describes how to measure muonium HFS. At first, we should prepare polarized

muons (see Section 2.1) and produce muonium (see Sectionn 2.2). To prevent an energy shift

caused by the Zeeman effect, measurement at zero magnetic field is ideal; nevertheless, it

is difficult to keep polarization of muons at zero magnetic field. For this reason, transition

frequency of muonium HFS is measured indirectly in a strong field (see Section 2.3).

Components for this experiment is described in Section 2.4.

2.1 How to produce muon

Positive muons are obtained from parity-violating positive pion π+ decays

π → µ+ + νµ, (2.1)

Because of the helicity of neutrino, muons are 100 % polarized in the direction opposite to

their momentum.

The lifetime of charged pion is

0.26033(5) ns [42]. (2.2)

A 3 GeV proton beam from the J-PARC Rapid Cycle Synchrotron passes through a carbon

target of 2 cm thickness producing pions. Muons are obtained by pion decay. J-PARC/MLF

(Material and Life Science Experimental Facility) has four muon beamline, some of which are

under construction. Specific performance of MLF muon beam line and candidates for this

experiment are described in Appendix B.
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2.2 How to produce muonium

Muonium atoms for precision experiments have been produced using three different methods

(see Figure 2.1) [43, 44].

2.2.1 Beam foil

Metastable muonium in the 2s state have been produced with a beam foil technique at

LAMPF and the TRIUMF [45, 46]. This method is not able to apply our experiment but

the measurement of lamb shift transition (22S1/2 − 22P1/2).

2.2.2 Silica powder

Muonium obtained by stopping muons near the surface of a SiO2 powder target. Muons

stopped in the silica powder capture electrons and form muonium, some percent of which

diffuse to the target surface and then emitted in vacuum [47]. Advantage of this method is

that formed in vacuum unlike in the case of gas target. However, this is not appropriate of

our experiment because both the production rate and the polarization are low. Moreover,

signals of muon decay in vacuum are not able to distinguish from that in a powder target.

2.2.3 Gas target

Muonium is obtained by a electon capture after stopping muon in a suitable noble gas. This

technique was employed already in the experiment observed of the muoniums for the first

time atom in 1960 in Ar gas. The production rate in this experiment was 65(5) %. In the

case of LAMPF HFS experiment, the production rate was 80(10)Muon moderation processes

involve dominantly electronic interaction and practically no muon depolarization take place

in a strong axial magnetic field (B ≫ 0.16 T) [48]. Thus gas target is a most suitable

method for muonium HFS experiments from the aspect of production rate and the rate of

polarization.

Comparison of gas targets

In order to avoid chemical reactions and depolarizing collisions, noble gases are candidates

for a gas target. Muonium is formed when positive muons are stopped in a gas target by the
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Ar,Kr
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Figure 2.1: A comparison of the methods of muonium production. Gas stop is the most

suitable method for the muonium HFS experiment from the aspect of a production rate and

a rate of polarization.

　　　

following electron capture reaction,

µ+ +Kr → µ+e− +Kr+. (2.3)

In the case of krypton, the ionization energy of krypton is 14.00 eV and that of muonium

is 13.54 eV. A muon can capture an electron from a krypton atom to form muonium in the

ground state if the kinetic energy of the muon-krypton system in its center of mass is greater

than the threshold value of 0.46 eV and The muonium fractions is about 100 %. Thus krypton

is a ideal gas target to form a low energy muonium because of its low threshold value (see

Table 2.1).

2.3 How to measure muonium HFS

To prevent an energy shift caused by the Zeeman effect, measurement at zero magnetic field

is ideal; nevertheless, strong static magnetic field is required fto keep high magnetic field

as discussed in Section 2.2. For this reason, transition frequency of muonium HFS at zero

magnetic field is measured using the Zeeman Effect in strong field. This section describes

how to obtain the value of transition frequency of muonium HFS.
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atom or molecule threshold energy (eV) pressure (atm) fMu

He +11.04 1.2–3.1 0(1)

Ne +8.02 1.2 7(5)

Ar +2.22 1.0–2.8 74(4)

Kr +0.46 0.4–0.95 100(5)

Xe -1.41 0.4–0.65 100(4)

N2 +2.0 1.0–2.4 84(4)

CH4 -0.6 1.2–3.0 87(4)

Table 2.1: Threshold energies for muonium formation [8] and the pressure-independent muo-

nium fractions fMu [9].

In a magnetic field, the Zeeman Effect splits the energy levels of the muonium ground

state. Spin Hamiltonian of muonium is expressed as

Ĥ = ωµÎz + ωeŜz + ω0ÎŜ, (2.4)

where ωµ is muon Zeeman interaction, ωe is electron Zeeman interaction and ω0 is hyperfine

interaction, expressed as

ωµ = −gµ
2

|e|
mµ

B, (2.5)

ωe = −ge
2

|e|
me

B. (2.6)

To determine the energy eigenvalues, we must diagonalize the matrix of the Hamiltonian

function H as

Ĥ =


1
2ωe − 1

2ωµ + 1
4ω0 0 0 0

0 1
2ωe +

1
2ωµ + 1

4ω0
1
2ω0 0

0 1
2ω0 −1

2ωe − 1
2ωµ − 1

4ω0 0

0 0 0 1
2ωe − 1

2ωµ + 1
4ω0




|αα >

|αβ >

|βα >

|ββ >

 ,

(2.7)

where α and β are eigenfunctions of muon and electron corresponding to spin orientation in
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the positive z direction and negative z direction. The spin eigenfunctions are

|1 > = |αα >, (2.8)

|2 > = c|αβ > +s|βα >, (2.9)

|3 > = c|βα > +s|αβ >, (2.10)

|4 > = |ββ > . (2.11)

s and c are

s =
1√
2
(1− x√

1 + x2
)1/2, (2.12)

c =
1√
2
(1 +

x√
1 + x2

)1/2, (2.13)

where x is

x =
(gJµ

e
B + g′µµ

µ
B)

∆Ehfs
B. (2.14)

The energy eigenvalues of the Hamiltonian are given in the following Breit-Rabi formula.

EB
hfs(F =

1

2
± 1

2
,mF ) = −

∆EB=0
hfs

4
+ g′µµ

µ
BmFB ±∆

EB=0
hfs

2

√
1 +

4mFx

2I + 1
+ x2. (2.15)

Figure 2.2 is the Breit-Rabi diagram which shows that the ground state splits into four

substates in a static magnetic field. ν12 and ν34 are calculated from Equation 2.15 as

ν12 = −
µµ
Bg

′
µH

h
+

∆ν

2
[(1 + x)−

√
1 + x2], (2.16)

ν34 = +
µµ
Bg

′
µH

h
+

∆ν

2
[(1− x) +

√
1 + x2]. (2.17)

According to Equation 2.16 and 2.17, transition frequency of muonium HFS at zero

magnetic field ∆ν is obtained by

∆ν = ν12 + ν34. (2.18)

Thus muonium HFS transition energy is obtained by summing ν12 and ν34.
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Figure 2.2: Energy levels of the muonium in ground state as a function of external magnetic

field. F is the quantum number of the total angular momentum and MF = Ms +MI .
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2.4 Experimental apparatus and procedure

2.4.1 General overview

Figure 2.3 shows a process of muonium HFS measurement.

1. Muons polarized to upstream (see Section 2.1) enter the bore of large superconducting

solenoid magnet from J-PARC/MLF muon beam line.

2. RF cavity located in a center of the magnet containing pure Kr gas. Muons stop by

collisions in the gas and polarized muonium is formed by electron capture process (see

Section 2.2).

3. High momentum decay positrons are emitted preferentially in the direction of the muon

spin (see Section 2.4.3). By driving the transitions with an applied microwave magnetic

field perpendicular to the static magnetic field, the muon spin could be flipped and

the angular distribution of high momentum positrons changed from predominantly

upstream to downstream with a respect to the beam direction.

This section described details of apparatus: magnet, detector, profile monitor. Designing of

the cavity and the gas chamber are described in Chapter 3. The most important thing for

this experiment is to exceed the precision of the LAMPF experiment.　 It is intended to

improve accuracy by a factor of 10. Details of improvement are described in Section 2.5.

2.4.2 Magnet

The superconducting magnet is designed for high homogeneity magnetic field. The maximum

magnetic field is 3.4 T for using both this experiment and g–2/EDM experiment at the J-

PARC (see Section 1.4.3). A high field uniformity better than 1 ppm with in the spheroid

region of 20 cm in diameter and 30 cm in length is necessary accurate (see Section 2.5.2).

The magnet consists of main coils and shim coils.

Main magnet

A NbTi superconductor will be used for the coil stand. The strand diameter and Cu/Sc ratio

are 2.0 mm and 6. The coil is immersed in a liquid helium of 4.2 K, and the re-condensation

cryocoolers will be used for a long term operation. The magnet will be operated in the
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Figure 2.3: A schematic overview of the experimental setup of the muonium HFS experiment.

　　　

persistent current mode to remove the field fluctuation due to the ripples of the power supply

(0.01 ∼ 0.1 ppm/h).

Shim coil and iron shim

Main coils alone are not able to realize uniformity of 1 ppm. The error field due to the coil

misalignments is expected about 190 ppm. Error fields caused by the main coil misalignment

are corrected by shim coils and iron shims.

Iron shim

Iron shims mounted on the surface of the magnet bore will be prepared for a rough correction.

The error field would be roughly compensated to several ppm.

Shim coil

For precise correction, 2 or 4 superconducting shim coils are located outer main coils.
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NMR system

The magnetic field uniformity is monitored by two different ways.

1. Before beam time, 3 dimensional magnetic field is measured by NMR probe which is

mounted 3-axis moving stage.

2. During beam time, magnetic field in the Kr gas chamber is measured by several NMR

probe mounted on the outer surface of the cavity constantly.

Reference frequency is obtained from a cesium atomic clock and Rb atomic-clock enhanced

stability possible by utilizing GPS as frequency standards.
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Figure 2.4: An isometric view and a cross-sectional drawing of the magnet. THe magnet

consist of main coils and shim coils. Error fields are corrected by shim coils and iron shims.

A high field uniformity better than 1 ppm with in the spheroid region of 20 cm in diameter

and 30 cm in length is necessary accurate.

　　　

2.4.3 Positron Detector

Muons decay into positrons in the cavity. Since high momentum decay positrons are emitted

preferentially in the direction of the muon spin, by driving the ν12 and ν34 transition with
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an applied RF magnetic field perpendicular to the static magnetic field, the muon spin is

flipped and angular distribution of decay positrons changed from upstream to downstream.

Positron detectors placed in both upstream and downstream of the chamber to detect the

decay muons. Resonance line shapes are obtained from the signal ratio of the upstream

detector and the downstream detector.

The fundamental parameters related to muon decay and the development of the positron

detector are discussed.

Muon decay

Muons decay via weak interaction like

µ+ → e+ + νe + ν̄µ (branching ratio ≈ 1) [42] (2.19)

Also there are following other processes

µ+ → e+ + νe + ν̄µ + γ (branching ratio ≈ 10−2) [42] (2.20)

µ+ → e+ + νe + ν̄µ + e+ + e− (branching ratio ≈ 10−5) [42] (2.21)

Equation refequation-muon-decay-1 is a dominant process and other processes are rare enough

to be neglected.

Muon life time

Muon life time is measured as

τ ≡ 1/γ = 2.19703(4) µs (18 ppm) [42] (2.22)

Spectrum of decay positron momentum

Figure 2.5 shows a spectrum of decay positron’s energy so called Michel Spectrum. Maximum

momentum of decay positron is below 52.83 MeV/c [4].

Angular distribution of decay postrion

The angular distribution of decay postiron is described by the following equation and depends

on a muon magnetic moment (see Figure 2.6).

N(y, θ) =
γ

2π
y2[(3− 2y) + (2y − 1) cos θPz] (2.23)

37



Chapter 2 Experimental strategy

　　　

　　　

Figure 2.5: A spectrum of decay positron momentum for events within 0, 70 < | cos θ| < 0.84

measured at TWIST [4].
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in which y is the positron momentum in units of 1
2mµc; θ is the angle between the muon spin

direction and the positron momentum.

　　　

 0

 0

y=1
y=0.8
y=0.6

　　　

Figure 2.6: An angular distribution of decay positron at several y values expressed in polar

coordinates. The direction of muon magnetic moment is rightward.

　　　

Since the angular distribution depends on the energy of decay positrons, detection thresh-

old of kinetic energy is set for optimize the signal ratio of the upstream detector and the

downstream detector. Preliminary estimation by simulation, the best energy threshold is

about 35 MeV.
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Designing of the positron detector

Because of the high intensity beam from J-PARC muon beam line, the rate of muon decay

is very high. For instance, the muon beam intensity of H-line is 4× 106µ+/pulse. Detection

solid angle of the positron detector is about 20 %. In this case, the event rate in first 20 ns

is about 3.6× 1011 Hz.

We use “old muonium” method which we consider the time dependence of the signal

observed over time interval t1 t2. This method narrow the linewidth of the resonance line

(see Appendix evaluation-of-a-input-RF-power). In case of t1 = 3 τ , the event rate is about

1.8 × 1010 Hz which is still high. For avoiding pile up problem, highly segmented and fast

detector is needed. One of candidates is a highly segmented plastic scintillator and read out

by a MPPC (Multi-pixel Photon Counter) which is photon-counting device made up of multi

APD (avalanche photodiode) pixels operated in Geiger mode.

2.4.4 Profile Monitor

Monitoring muon stopping distribution is one of the important parameters of this experiment.

Magnetic field is not completely homogeneous, so muon stopping distribution is needs to be

taken account to calculate average static magnetic field seen by muonium and oscillating

magnetic field to calculate transition probability. We use two methods to monitoring muon

stopping distribution (see Figure 2.7).

1. Before taking data, 3-dimensional muon stopping distribution in the gas chamber is

measured by a target beam profile monitor (TBPM).

2. 2-dimensional muon distribution is measured by a front beam profile monitor (FBPM)

simultaneously for calibration during every data taking time.

2.5 Reduce of uncertainties

Figure 2.8 shows uncertainties of the LAMPF experiment and how to improve in our exper-

iment.
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Figure 2.7: A schematic view of the FBPM and the TBPM. The FBPM is using for taking

2-dimensional muon distribution during the experiment. The TBPM is using for taking

3-dimensional muon distribution in the gas chamber before taking data.

　　　

2.5.1 statistical uncertainty

The largest uncertainty is statistical uncertainty. It can be improved by high intensity of

J-PARC muon beam. The muon intensity at LAMPF muon beam line is a few ×107 µ+/s.

Nevertheless, the effective muon intensity is 107 µ+/s because they used muon beam of 3.9 µs

pulses separated by 9.9 µs. Total run was 1270 run, so total muon using this experiment was

around 1013.

Our experiment is expected to improve the statistic drastically. At first, the structure of

muon beam at J-PARC MLF is pulsed, we can use all muons delivered. In addition to this,

the muon intensity is one order of magnitude higher than LAMPF when U line or H line is

used (see Table 2.2). For instance if we operate 100 days at U line, total number of muon is

3× 1015, which is 300 times as many as that of LAMPF.

2.5.2 Uncertainty of the magnetic field

The second largest uncertainty is caused by magnetic field. It contains uniformity and sta-

bility of magnetic field and NMR probe.
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Figure 2.8: Uncertainties of LAMPF experiments and improvements of each of them at our

experiment. upper bar is represented δ(µµ/µp) obtained by sweeping the magnetic field and

another one is by sweeping the microwave frequency.
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Facility Beam Structure Muon Intensity (µ+/s)

LAMPF DC a few ×107

KEK-MSL Pulsed 2.5× 104

RAL Pulsed 1.5× 106

PSI DC ∼ 5× 108

J-PARC (D line) Pulsed 1.5× 107

J-PARC (U line) Pulsed 4× 108

J-PARC (H line) Pulsed 1× 108

Table 2.2: Spec of muon beamline.

Uniformity of a magnet field

Nevertheless, the cylindrical volume contains muonium distribution is larger in our experi-

ments (the axial length of the cavity is 304 mm. on the other hand, that of the LAMPF

experiment is 15.973 cm), a field homogeneity of our new magnet is under 0.5 ppm in sim-

ulation (see Figure 2.9). This field homogeneity is same degree as 0.7 ppm which is in the

cylindrical volume where muons stopped at LAMPF.

Stability of the magnet

A stability of magnet at LAMPF is 10−7 to 10−8 per hour. In our experiment, the magnet

will be operated in a persistent current mode. Also magnetic field is monitored during data

taking. The RF signal input to the NMR sample stabilized by reference frequency generator

with GPS whose stability is 10−11/day.

2.5.3 Other uncertainties

Improvement of quadratic pressure shift is discussed in Section 3.1.4. Stability of microwave

power is improved by rigid coaxial pipe is discussed in Section 3.2.1. In the LAMPF ex-

periment, muon stopping distribution is only taken before the experiment. Uncertainty from

muon stopping distribution can be improved by using the FBPM during the experiment which

is discussed in 2.4.4.
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Figure 2.9: A cross-sectional image of uniformity of the magnetic field in the cavity. z is

a axial direction of the cavity and r is a radial direction. A field homogeneity of our new

magnet under designing is less than 0.5 ppm in simulation using OPERA [5].
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Designing of the cavity and the gas

chamber

3.1 Cavity

In this section, a designing of the cavity is described. We choose a cylindrical cavity and it

is designed for two resonance modes for driving ν12 and ν34 transitions. There are following

requirements for designing the cavity.

RF ports

Coupling conditions between RF ports and the cavity depend on resonance frequencies so

that RF input ports are required for each transition. In addition to this, we should put in a

output RF port in order to check a stability of the RF power in the cavity. Therefore, there

need to be put in two RF input ports and one RF output port.

Size of the cavity

The cavity is surrounded by the superconducting magnet whose inner diameter is 440 mm.

All components of the cavity should set in this area.

Nonmagnetism

For achieving a high uniformity of the static magnetic field in the cavity, magnetism materials

are not be able to used at all even austenitic stainless steels.
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3.1.1 Resonance modes

The resonance frequencies should be tuned into the ν12 and ν34 transition frequencies. There

are following requirements,

(a) Static magnetic field and oscillating field are perpendicular to each other,

(b) The transition efficiencies should be maximized at the center of cavity, that is region

muonium formed,

(c) The oscillating field is constant along the axis.

By the requirement (a), a Transverse Magnetic (TM) resonant modes are more appropriate

than a Transverse Electric (TE) mode since a static magnetic field vector is parallel to

the axial direction of the cavity. By the requirement (b) and (c), TMmn0 which does not

have node in the axial direction are candidates. (The TM mnp mode is characterized by

three subscripts m, n and p that corresponding to the number of half waves of the electric

or magnetic field that fit along the diameter, circumference, and length of the resonator.).

Therefore, TM110 and TM210 modes which are lower-order modes of TMmn0 are appropriate

from these requirements.

Figure 3.2 shows a electromagnetic field of TM110 and TM210 modes (see Appendix C).

The resonance frequencies for TM modes are

fmnp =
c

n

√
(
xmn

πD
)2 + (

q

2L
)2. (3.1)

Here c is the speed of light, D and L are the diameter and length of the cavity, n is the index

of refraction for the medium inside the cavity, and xmp is the pth root of the Bessel function

Jm(x).

Figure 3.1 shows a relation between a ratio of the ν12 and the ν34 transition frequencies

and a ratio of the resonance frequencies of the TM110 mode and the TM210 mode. For

measurement of both transitions, static magnetic field is defined so as to equalize these ratios

one another. One of a solution is about 0.8 T. However, a stronger magnetic field is desirable

from the aspect of a polarization of muons. Therefore, we chose 1.55 T as the static magnetic

field.

Figure 3.3 shows positions of RF ports. To accumulate RF power in the cavity, RF ports

without one transporting RF power should not be coupled to the cavity. The positions of
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Figure 3.1: A relation between a ratio of the ν12 and the nu34 transition frequencies and a

ratio of resonance frequencies of the TM110 mode and the TM210 mode. Since the ratio of

the TM110 mode and the TM210 mode is constant at a cylindrical cavity, there only two

solutions to be tuned in to both transitions.
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Figure 3.2: RF fields of the TM110 mode and the TM210 mode. The red arrow shows the

electric field vector and the green one shows the magnetic field vector.

　　　

input ports for TM110 (TM210) mode are chosen not to couple TM210 (TM110) mode. The

position of the output port is chosen couple to both modes weakly.

3.1.2 Diameter of the cavity

Transition frequencies of ν12 and ν34 are obtained by 2.16 and 2.17 as

ν12 = 1.906 GHz, (3.2)

ν34 = 2.556 GHz. (3.3)

The resonance frequencies of the cavity should be a little higher than the transition frequen-

cies since tuning bars in the cavity increase resonance frequencies (see Section 3.1.3). The

resonance frequencies of the TM110 mode and the TM210 mode are 1.955 GHz and 2.620

GHz for a diameter of the cavity of 187mm (see Equation3.1). RF fields of the TM110 mode

and the TM210 mode are described in Appendix C.

3.1.3 Tuning bar

Resonance curves are obtained from microwave frequency sweep. Frequency sweep is achieved

by tuning bars located inside the cavity. Inserting a tuning bar into the cavity results in a
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Figure 3.3: A cross-sectional view of the cavity with the TM110 mode and the TM210 mode.

The red arrows indicate the electric field and the green arrows indicate the magnetic field.

The positions of the input ports for the TM110 (TM210) mode are chosen not to couple the

TM210 (TM110) mode. The position of the output port is chosen couple to both modes

weakly.
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increase in resonant frequencies.

Cavity perturbations

When a dielectric material is inserted into the cavity, resonance frequency is shited. A

corresponding change in resonance frequency is able to approximated as

ω − ω0

ω0
≈

∫ ∫ ∫
∆V (µ|H

2
0 − ϵ|E0|2)dv∫ ∫ ∫

∆V (µ|H
2
0 + ϵ|E0|2)dv

[49], (3.4)

where ω0 is the resonance frequency of the original cavity and ω is one of the perturbed

cavity. The perturbed field are approximated by the original fields E0 and H0. However,

analytical evaluation using this equation is not realistic so that a simulation software using

a finite element method is used.

CST microwave studio

Unlike an ideal cylindrical cavity, simulation using finite element method is needed to evaluate

the cavity considering a structure of RF ports and tuning bars. CST microwave studio [50]

is a one of such software for the 3D EM simulation of high frequency components. There are

several solvers are available. Among them, following two solvers are mainly used.

Eigenmode Solver

The Eigenmode Solver is dedicated to the simulation of closed resonant structures. It is for

estimate the electromagnetic field of resonance modes and Q factor (see Section 4.1.1).

Frequency Domain Solver

The general purpose Frequency Domain Solver solves the problem for a single frequency at a

time, and for a number of adaptively chosen frequency samples in the course of a frequency

sweep. The solution comprises the field distribution as well as the S-parameters (see Section

4.1.1) at the given frequency so that it is appropriate solver for compared with the line shapes

of S-parameter obtained from network analyzer (see Section 3.2.5).

Material for tuning bar

As for the material of the tuning bar, there are critical differences between conductive one

and dielectric one. A conductive tuning bar affects electric field as shrink a diameter of the
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cavity. On the other hand, dielectric tuning bar affect as widen it by absorbing RF power

(see Figure 3.4). As a result of these characters, conductive tuning bar decrease resonance

frequencies and dielectric one increase them.

A next thing to consider is which one is appropriate for the experiments. A conductive

material is very sensitive to resonance frequency, but it drastically affect the uniformity of

RF electric field (see Figure 3.1). Moreover, whereas sweep range of conductive tuning bar is

defined by a position of its surface, that of dielectric tuning bar is defined by its volume so

that it is possible to adjust sweep range flexibly. Therefore, dielectric material is a candidate

list of material for tuning bar.

　　　

conductive material dielectric material

electric !eld

　　　

Figure 3.4: An electric field difference between using a tuning bar made of a conductive

material and a dielectric material. The conductive tuning bar affects electric field as shrink

a diameter of the cavity. On the other hand, The dielectric tuning bar affect as widen it by

absorbing RF power.

　　　

For choosing better material for tuning bar in dielectric materials, following parameter

should be considered.

electric permittivity

Complex dielectric constant is described as

ϵ = ϵ′ − jϵ′′, (3.5)

tan δ =
ϵ′′

ϵ′
. (3.6)
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Figure 3.5: Electric fields of the TM110 mode using a alumina and a copper tuning bars.

Using the copper tuning bars, strong resonance between the tuning bars and the the cavity

face is induced. On the other hand, the uniformity of the RF field is better with the alumina

tuning bars.
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Real part of permittivity (ϵ′) is expressed phase difference from oscillation electric field and

amplitude of polarization. Wavelength of RF is shorten in the dielectric material. Effective

volume of the cavity is expanded by inserting tuning bar made by dielectric material. As a

result, the resonance frequency of the cavity is increased.

dielectric tangent

Imaginary part (ϵ”) is expressed dielectric loss. A part of RF power is converted into heat in

the dielectric material. It causes reduction of Q factor of the cavity (see Section 4.1.1). In

general, dielectric tanget (tanσ) is used for estimation of it.

small density

Total weight of tuning bar and support of it must be under 200 g which is the maximum

vertical load of the positioner (see Section 3.1.3).

Therefore, a good material for tuning bar should have

1. large electric permittivity

2. small dielectric tangent

3. small density

Tuning bars are supported by tuning bar supports placed on positioners (see Figure 3.6).

Unlike in the case of tuning bars, tuning bar supports should not affect resonance frequencies.

Therefore, good material for support of tuning bar should have

1. small electric permittivity

2. small dielectric tangent

3. small density

According to this, We choose a alumina for the tuning bar and Teflon to the tuning bar

support of the tuning bar with reference to Table 3.1.

Movement mechanism

Piezo positioner

Piezo element converts electrical energy into mechanical energy. Precise movement is achieved
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material electric permittivity dielectric tangent density

macor 6.03 0.007 (8.6 GHz) 2.52

alumina 9.5 0.0002 (1 GHz) 3.9

quartz 3.5 0.0002 (100 MHz)

silicon 12 0.005 (1 GHz) 2.2

Teflon 2.1 0.00028 (3 GHz) 2.2

Table 3.1: Characteristics of materials for the tuning bar.

by piezo positioner ANPz101eXT12/RES/UHV (Attocube Systems) using this character (see

Figure 3.8). Positioner is drived by sawtooth pulses from a controller. For precise positioning,

feedback from displacement sensor is required since displacement of positioner doesn’t bear

a proportionate relationship to applied voltage. This positioner using a resistor located in

a positioner as displacement sensor. Absolute positioning is enabled by reading a resistance

value. Table 3.2 shows a spec of ANPz101eXT12/RES/UHV.

Piezo positioner has following advantages for our experiments.

Simple wiring Since the positioner is drived and read resistance value by only electrical

wirings, only simple feed through port at gas chamber is needed. It is ideal for purity of Kr

gas in a chamber. Also it is UHV compatible model so that there is no problem in measuring

up to 150 ◦C baking and outgassing rate is below a level of 1× 10−10 mbar l/s.

Compactness Space between inner surface of superconducting magnet and gas cham-

ber is limited (≈ 80 mm). For example, it is impossible to put in a linear manipulator using

bellows. On the other hand, the height of the positioner is only 48 mm which is enough

compact to put in.

Nonmagnetism It is made of titanium so that hardly affect to uniformity of the mag-

netic field.

Piezo controller

Piezo positioners are controlled by piezo controller ANC350/3/RES (attocube systems) (see

Figure 3.9). As shown in Figure 3.7, it has 3 channels for manipulating each positioner.
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Figure 3.6: A schematic drawing of the tuning bar.
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Figure 3.7: A diagram of a positioner system. ANC-350 has three channels to operate

the positioners. It transmits sawtooth waves to each positioner and displace their stages

in proportion to amplitude of waves. Precise displacement is achieved by feedback from a

positioner sensors.
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travel (step mode) 12 mm

typical minimum step size 50 nm

maximum vertical load 200 g

Table 3.2: Spec of ANPz101eXT12/RES

　　　

　　　

Figure 3.8: A photograph of piezo po-

sitioner.

　　　

　　　 　

　　

Figure 3.9: A photograph of piezo controller.

　　　

Sweeping

The TM110 mode and the TM210 mode split into two submodes by tuning bars. One of

modes is affected by the tuning bar strongly (TM110-1, TM210-1), and another mode is not

affected so much (TM110-2,TM210-2). The resonance frequency of former modes is used

for obtaining resonance curves. Figure 3.10 and 3.11 shows the location of tuning bar in a

cross section drawing of the cavity. There are two tuning bars for each of the mode. The

tuning bars are located to affect RF electric field efficiently. Figure 3.12 shows the relation of

frequency sweep and a displacement of tuning bar by the simulation. Using this tuning bar,

the range of frequency sweep is about 20 MHz and minimum step size is about 100 Hz.
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Figure 3.10: Degenerated modes of the TM110. The left side (TM110-1) of resonance mode

is affected by tuning bar for TM110 stronger than the right side (TM110-2). Then this mode

is appropriate to using for the resonance frequency sweep.
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Figure 3.11: Degenerated modes of TM210. The left side (TM210-1) of resonance mode is

affected by tuning bar for TM110 stronger than the right side (TM210-2). Then this mode

is appropriate to using resonance frequency sweep.
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Figure 3.12: A relation between resonance frequency of the TM110 mode and the displace-

ment of the tuning bar. This is a result of the simulation using a alumina tuning bars

(20 mm × 200 mm × 2.5 mm). Origin points of tuning bars are defined as 5 mm far from

the cavity face. The TM110 mode is splitted into two degenerated modes. The red point is

the TM110-1 mode and the blue point is the TM110-2 mode. The TM110-1 mode is more

sensitive to the displacement.
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3.1.4 Axial length

Advantage of a long cavity

The transition frequencies of muonium measured in a gas vary with the gas pressure due to

the distortion of the muonium wavefunction in collision. At a constant temperature, two-body

collisions between a muonium atom and a krypton atom cause a shift which is proportional

to the krypton pressure at fixed volume [51]. Also three-body interaction between muonium

atom and two krypton atoms yield a shift proportional to the square to the krypton pressure

at fixed volume [52]. The shift in the transition frequency is described as

νij(P ) = νij(0)(1 + aijP + bijP
2) (3.7)

b is obtained by earlier experiment at LAMPF [53] as

b = (9.7± 2.0)× 10−14 Torr−2 (3.8)

So the effect of the quadratic term is so small that difference between b12 and b34 can be

neglected.

a is also obtained by latest experiment at LAMPF [18] as

a12 = −8.669(26)× 10−6 atom−1 (3.9)

a34 = −7.665(25)× 10−6 atom−1 (3.10)

The transition frequencies ν12 and ν34 in vacuum are determined by fitting the measured

frequencies at several different gas pressures (see Figure 3.14). To assure accuracy of this

fitting, measurement at wide range of Kr gas pressure is necessary. The longitudinal distribu-

tion of muonium depends on the Kr gas pressure. Long cavity is preferred for measurement

at low pressure Kr gas, because the muonium distribution is wide spread. Figure 3.15 shows

the longitudinal distribution at 0.3 atm by Monte Carlo simulation using SRIM [54]. SRIM

is a group of programs which calculate the stopping and range of ions into matter using a

quantum mechanical treatment of ion-atom collisions. In this simulation, a moderator is put

in front of the cavity to stop muons in the region of the cavity whose axial length is 15.973

cm which was used at LAMPF experiment. Only 68 % of muons stop in the cavity.

On the other hand, Figure 3.16 shows the corresponding distribution for the cavity for

J-PARC/MLF experiment whose axial length is 304 mm. Because of the length of this cavity,
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Figure 3.13: Muons pass through a profile monitor, a moderator, a foil of chamber and a

foil of the cavity and stop in the cavity by Kr gas. Those materials must be thin enough to

enable muon passing through.

　　　

the moderator can be thin. Then the muon stopping distribution is brought within the cavity

(94 % of muons stop in the cavity). Thus measuring in a lower pressure is possible by using

a long cavity and our cavity is available over 0.3 atm by this simulation.

Avoiding other modes

There are many other resonance modes depending on the cavity length (see Figure 3.17).

On the other hand, resonance frequencies of the TM110 mode and the TM210 mode do not

depend on the cavity length. The cavity length should be chosen carefully to avoid other

modes. Figure 3.18, 3.19 and 3.20 show resonance modes nearby the TM110 mode. If the

cavity axial length is 300 mm, a TM012 mode is located between splitted the TM110 modes

(the TM110-1 mode and TM110-2 mode) which is undesirable. In the case the cavity axial

length is 304 mm, resonance frequency of the TM012 mode is low enough to be separated

from the TM110 mode.
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We need data around here

Figure 3.14: A relation between the Kr gas pressure and (a) ν12 transition frequency and

(b) ν34 transition frequency at LAMPF experiment. They were measured at 0.7 atm and

1.8 atm and extrapolate to obtain values at 0 atm. To ensure more accurate extrapolation,

measurement at lower pressure is needed [6].
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Figure 3.15: A muon stopping distribution in 0.3 atm Kr gas. Trajectories of 100000 muons

were simulated by a Monte Carlo simulation program SRIM. The cavity axial length is 159.73

mm designed for the latest experiment at LAMPF. To stop muons in a narrow region, the

moderator used had to be thick.
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Figure 3.16: A muon stopping distribution in 0.3 atm Kr gas. The cavity axial length is 304

mm designed for a new experiment at J-PARC. The muon stopping distribution is brought

within the cavity.
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Figure 3.17: Other resonance modes around the mode TM110 and the TM210 mode. Reso-

nance frequencies of the mode TM110 and the TM210 mode does not depend on the cavity

axial length. On the other hand, resonance frequencies of many other modes which has nodes

in axial direction decrease by axial length of the cavity. In case of the cavity whose axial

length is 304 mm, many modes are close to the TM110 mode and the TM210 mode.
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Figure 3.18: Resonance modes near the TM110 modes in which case axial length is 300 mm.

A TM012 mode is located between splitted the TM110 modes which is undesirable.
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Figure 3.19: Resonance modes near the TM110 modes in which case axial length is 302 mm.

Resonance frequency of the TM012 mode is lower than that of a 300 mm cavity. Resonance

frequencies of the TM110 modes are not changed because they are independent of cavity

length.
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Figure 3.20: Resonance modes near the TM110 modes in which case axial length is 304 mm.

Now the TM012 mode is far from the TM110 modes enough to be distinguished.

　　　

3.1.5 Foils of the cavity

Muons enter through the front foil of the cavity and the gas chamber, so front foils must be

thin not to stop muons. Also back foils must be thin not to stop decay positrons emitted

through the back foil. According to Figure 3.21, there are three flanges at the front and back

of cavity. Foil is fixed by F2 and F3, and stretched by F1. This foil is a 99.97 % copper,

thickness is 25 µm.

3.1.6 Summary of designing the cavity

Figure 3.22 is an outline view of the cavity and Table 3.3 is a summary of the dimension of

the cavity. It is situated in the gas chamber and transit muonium by oscillating magnetic

field. There are three ports for two RF input loop and one output loop. The resonance

frequencies are tuned by two tuning bars. The temperature in the RF cavity is maintained

by cooling tube wound around it.
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Figure 3.21: How to stretch foils of the cavity. At first, foils are temporary jointed between

a F2 and a F3 flanges. Then stretch them again and mount to the cavity by a F1 flange.
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Figure 3.22: An isometric view of the cavity. There are three RF ports and two ports for

tuning bars. A cooling tube and a support for being strapped to the gas chamber will be

installed.
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material oxygen-free copper

inner diameter 187 mm ϕ

axial length 304 mm

thickness in a radial direction 15 mm

thickness of foil 25µm

2 × for tuning bar

ports 2 × for RF input

1 × for RF output

Table 3.3: Summary of the dimension of the cavity.

3.2 RF transport

To stabilize the RF power in the cavity is important for designing a RF transport. Figure

3.24 shows a overview of the RF transport under designing. In this section, designing the RF

transport: coaxial pipe, feedthrough and antenna is discussed.

3.2.1 Coaxial pipe

WX-20D coaxial pipes are used for delivering RF power. It is made of a oxygen-free copper.

TE11 cut off frequency of this pipe is 6.8 GHz which is enough high for our experiments. A

coaxial pipe has following advantages.

Rigid

We should care about uncertainty of RF power. To avoid fluctuations of coaxial pipe and

antenna, the structure of coaxial pipe and antenna must be rigid.

Compact

Since the space between outer chamber and inner magnet is only ≈ 80mm, smaller parts for

RF transport is required. Figure 3.25 shows a comparison of the dimension between a coaxial

pipe and a waveguide. Frequency range of WRI-22 is 1.72–2.61 GHz which is appropriate

for the experiment. Since the dimension of a waveguide depends on a wavelength of RF, it

is too large to put in the space between outer chamber and inner magnet.

70



Chapter 3 Designing of the cavity and the gas chamber

　　　

signal generator directional couplerAMP

network analyzier

TM110

TM210

output from cavity

reflect power

input power
s11

s21

s-parameter

　　　

Figure 3.23: A RF system for applied RF to the cavity and monitoring RF power in the

cavity.
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Figure 3.24: A conceptual view of a RF port. the RF power is delivered by coaxial pipes. Kr

gas is sealed by feedthrough put between coaxial pipes and antennas. All parts are made of

a copper.
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Figure 3.25: A cross-sectional view of a coaxial pipe (WX-20D) and a waveguide (WRI-22).

The coaxial pipe is compact compared to the waveguide.
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3.2.2 Feedthrough

There are feedthrough windows between coaxial pipe from RF source and gas chamber to

seal Kr gas.

3.2.3 Antenna

Antenna is threadably mounted on inner conductor and the inner surface of the cavity. The

thickness of the antenna is 7 mm and made of a copper. Coupling with cavity is adjusted by

area surrounded by this loop antenna.

3.2.4 RF source

SMF100A Microwave Signal Generator is prepared to transport RF power. A frequency

range is 9 KHz to 3 GHz which is enough for requirements of the experiment. A stability

of RF frequencies is ensured by Rb oscillation standard. Required RF power is discussed in

Appendix D.

3.2.5 Network analyzer

A Network analyzer is used for monitoring a RF power in the cavity. Details of the network

analyzer is described in 4.1.1.

3.3 Temperature control

3.3.1 Temperature shifts in the transition frequencies

Temperature shifts in the transition frequencies is caused by collisions with Kr gas. In the

case of collision between hydrogen and Argon gas, the shift is expressed as

(1/ν0)(δν/ρ) = A+B(T − T0) (3.11)

A and B was obtained at Yale University [55] as

A = (−4.800± 0.006)× 10−9 Torr−1 (0 ◦C) (3.12)

B = (+0.956± 0.011)× 10−11 ◦C−1Torr−1 (0 ◦C) (3.13)
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If we can measure the ν12 transition at a stable temperature (< 0.1 K), temperature shifts in

the transition frequencies will be about a few Hz. Compared to 35 Hz which is uncertainty

of ν12 transition frequency at LAMPF experiment, it is enough precision. Thus preparing

temperature control system with 0.1 K accuracy and stability is needed.

3.3.2 Thermometer

Temperatures in the cavity are measured by type T (Cu-constantan) thermocouples and

4W-RTD (4 wires resistance temperature detector).The accuracy of class AA RTD is ±(0.1+

0.0017|t|) K [56], where t ◦C is a temperature measured. The accuracy of type-T thermocouple

is ±0.35 K.

3.3.3 Cooling tube

One of the matters for the stability of temperature is surface current at the cavity face. Figure

3.26 shows the surface current distribution of the TM110 mode and the TM210 mode. To

prevent causing a nonuniformity of gas temperature, temperature of the cavity is stabilized

by water flowing around the cavity wall. The water temperature is kept constant within 0.1

K by a water bath. Cooling tube is a 6 mm ϕ copper pipe.

Temperature of water through a cooling tube is kept constant with 0.1 K by water bath.

3.3.4 Control of room temperature

Variation in temperature of a room affects not only the gas temperature but also the stability

of magnet. Whole apparatus should be in an environment at a stabilized temperature.

3.4 NMR probe

For monitoring the magnetic field, NMR probes are put in the outer surface of the cavity

which will be described in Section 2.4.2.

3.5 Gas chamber

Inner of the cavity should be filled with Kr gas to stop muons and form muonium. Foils at

the front and back of the cavity are so thin that it can be bend by pressure difference between
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Input port for TM110

tuningbar for TM110

　　　

Figure 3.26: Surface currents of the cavity resonated (a) the TM110 and (b) the TM210

modes. Ideally the surface current is independent to the axial direction; however, there is a

nonuniformity of the RF field mainly caused by the tuning bars.
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pressure inside and outside. It is able to affect RF fields in the cavity. Because of this, the

cavity is not able to seal Kr gas and a gas chamber surrounding the cavity is required to keep

gas pressure constant.

Figure 3.27 shows a conceptual design of the gas chamber. It is made of a aluminum and

has following ports:

• RF inputs and a output,

• cooling tube,

• NMR probes,

• thermometers.

The gas chamber is under designing and will be constructed in 2012.

3.5.1 Purity

In order to avoid chemical reactions and depolarizing collisions, we should carefully take care

of the purity of Kr gas. Especially, the cross section for a muonium−O2 depolarizing electron

spin exchange collision is very large (≈ 5×10−16 cm−2 ) (see Table 3.4), so O2 impurity should

be 10 ppm or less.

molecule interaction σ at 5250G (unit = 10−16cm2) σSE (unit = 10−16cm2)

NO2 NO2 +M → NO+OM ≤ 23 · · ·

O2 Spin exchange 5.4(3) 5.9(6)

NO Spin exchange 3.2(2) 7.1(1)

C2H4 C2H4 +M → C2H4M 0.29(16) · · ·

H2, N2, SF6 · · · ≥ 0.01 · · ·

Table 3.4: Muonium (M)-molecule cross sections [10, 11].
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Figure 3.27: A Conceptual design of a gas chamber. It is made of a aluminum and has ports

for RF transports and for tuning bars. A gas handling system is under designing.
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Measurement

This chapter describes the measurements of

1. Frequency character of the cavity (Section 4.2),

2. Performance evaluation of tuning bars (Section 4.3).

In this measurement, temperature control system and gas handling system are not installed.

Also the RF system is simplified described in Section 4.1.

4.1 RF system for the measurement

4.1.1 Network Analyzer

A network analyzer is used for monitoring RF power in the cavity. It measures a reflecting

and transmitting power as S-parameter. We used E5061B Network Analyzer (Agilent Tech-

nologoies) rent by RIKEN Nishina Center for Accelerator-Based Science. Frequency range

of the network analyzer is 5 Hz to 3 GHz which is enough for this measurement. The input

power is set to −10 dBm.

S-parameter

The S-parameter of 2-port network is expressed asb1

b2

 =

S11 S12

S21 S22

a1

a2

 , (4.1)
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where an is normalized amplitude of incident wave and bn that of exiting wave defined as

ai =
VIi√
ZR

, (4.2)

bi =
VRi√
ZR

. (4.3)

where VIi is a voltage wave incident on each port, VRi is a voltage wave reflected from each

port and ZR is a reference impedance. In most cases including this network analyzer, the

reference impedance is set to 50 Ω.

Smn represent

• S11: reflection coefficient of input port,

• S12: reverse voltage gain,

• S21: forward voltage gain,

• S22: reflection coefficient of output port.

The measurement using network analyzer takes two steps. At first, input antennas should

be tuned for resonance frequencies. It is taken as synonymous with that an input impedance

is equivalent to reference impedance at resonance frequencies. Using Equation 4.1, 4.2 and

4.3, the cavity impedance is described as

ZI = ZR
1 + S11

(1− S1)
, (4.4)

where ZI is a input impedance and ZR is a reference impedance. Thus coupling of input port

is able to confirmed by S11.

Secondly, RF power in the cavity is monitored S21 by RF input and output ports. RF

power in the cavity is usually expressed as a Q factor which is described in Section 4.1.1.

When a input port couple to the cavity, the Q factor of the cavity is equivalent to Qext which

is described in Section 4.1.1 [57]. Thus RF power in the cavity can be monitored by S21.

Quality factor

Q factor is defined by two ways: in terms of the ratio of the energy and in terms of bandwidth.
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Defined in terms of the ratio of the energy

RF energy stored in the cavity is expressed by a Quality factor (Q factor). It is defined as

Q =
ω0W

P
, (4.5)

where ω0 is the resonance frequency, W is the energy stored in the cavity and P is the energy

loss rate per unit time from the cavity. Designing the high Q cavity is same meaning as

minimization of power losses in the cavity.

There are several types of Q factors:

• unloaded Q (Q0),

• conductive Q (Qc),

• external Q (Qext),

• dielectric Q(Qd),

• loaded Q (QL).

where Qc is result from the power loss in the walls which have finite conductivity. The

absorbed power due to surface losses is calculated as

Pc =
1

2

√
πµf

σ

∫
|H|2∂S, (4.6)

where σ is the surface current density and f is the resonance frequency. Since the dominant

part of the Pc is from the surface current flow between the components of the cavity, joint

strength of them is important for high Q factor.

Qext is result from power loss through unclosed surfaces (holes) of the cavity. In case of

our cavity, there are RF input and output ports and the ports for tuning bars as unclosed

surfaces. To avoid the power loss, coupling of the input port which transports RF power

should be storng, but the coupling of other RF ports should be weak and the size of the ports

for tuning bars should be small as far as possible.

Qd is result from the power loss in the lossy dielectric material which is described as

Pd = πf tan δϵ0ϵr

∫
|E|2∂V, (4.7)

where ϵ0 is the vacuum permittivity, ϵr is the electric permittivity and tan δ is the dielectric

tangent (see Section 3.1.3). This equation indicates that the power loss caused by the dielectic
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material depends on the dielectric tangent, the electric permittivity and the volume of the

material. Since the sweep range of the tuning bar depends electric permittivity and the

volume the material but not the dielectic tangent, a material which has low dielectirc tangent

is good for Q factor.

Unloaded Q (Q0) which is contained Qd and Qc but excluded Qext can be found as

1

Q0
=

1

Qc
+

1

Qd
[49]. (4.8)

Loaded Q (QL) contained all parts of Q factor can be found as

1

QL
=

1

Qc
+

1

Qext
[49]. (4.9)

Thus the energy loss in the cavity is caused by the combination of the surface current

on the cavity, microwave absorption by the dielectric material and the power loss through

unclosed surfaces of the cavity.

Defined in terms of bandwidth

The other common definition of the Q factor is in tems of bandwidth. RF cavity can be

regard as a parallel RLC circuit. A voltage of the parallel RLC circuit is expressed as

V (t) =
1

[R−2 + (ωC − 1/(ωL))2]1/2]
exp j(ωt− ϕ). (4.10)

P is defined as

P =
V 2

R
. (4.11)

According to 4.10 and 4.11,

P =
1

2

RV 2

R2 + (ωL− 1/(ωC))2
. (4.12)

When the consumption energy P is equivalent to half of consumption energy at the resonance

point, the following equation holds;

RV 2

2(R2 + (ωL− 1/(ωC))2
=

V 2

4R
. (4.13)

FWHM (full width at half maximum) ∆ω is calculated by ω1 and ω2 satisfy 4.13,

∆ω = ω2 − ω1 (4.14)

=
√

C/LRω0 =
ω0

Q
. (4.15)
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Thus Q factor also expresses a FWHM of a RF cavity. As mentioned Section 4.1.1, QL of

the cavity is equivalent to Qext when the cavity and a input port is coupled. The reason is

that main part of Qext is result from the output port, QL is able to obtained by a FWHM of

a S21.

Table 4.1 and 4.2 show a result of calculation of Q factor of the TM110 mode and the

TM210 mode by CST microwave studio. In this simulation, the main part of the power losses

is caused by surface current of the cavity.

Loss/W (peak) Q

Qext 1.19× 105 2.04× 105

Qc 7.19× 105 3.75× 104

Qd 5.17× 105 4.72× 105

QL 8.21× 104 2.97× 104

Table 4.1: Q factor of the TM110 mode. Loss of Q is caused by surface current at the cavity

face and loss tangent of tuning bar.

Loss/W (peak) Q

Qext 9.71× 104 3.32× 105

Qc 7.19× 105 4.48× 104

Qd 3.00× 105 1.07× 105

QL 1.12× 106 2.89× 104

Table 4.2: Q factor of the TM210 mode. Loss of Q is caused by surface current at the cavity

face and loss tangent of tuning bar.

Calibration of Network Analyzer

Network analyzer can be plagued by three types of errors:

1. Systematic errors,

2. Random errors,

3. Drift errors.
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Figure 4.1: A process of TOSM calibration and the measurement of S-parameter using the

network analyzer.
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And there are 6 types of systematic error:

1. Directivity and crosstalk errors relating to signal leakage ,

2. Source and load impedance mismatches relating to reflections,

3. Frequency response errors caused by reflection and transmission tracking within the

test receivers.

For preventing these errors, network analyzer should be calibrated each time measuring con-

dition is changed. Random errors vary randomly as a function of time. Main contributor is

noises of instruments. It is not solved by calibration.Drift errors occur mainly by variation

of temperature and can be reduced by constant recalibration.

TOSM (Through-Open-Short-Match) calibration is a typical type of calibration to deter-

mine the 6 systematic error terms for each signal direction. It measures the open, short, and

match one port standard on both ports and the through between them (see Figure 4.1).

1. Open: Transmission line terminated with open. A reflected voltage keeps in phase with

a incident voltage.

2. Short: Transmission line terminated with short. A reflected voltage is opposite phase

with a incident voltage.

3. Match: Transmission line terminated with reference impedance. All the incident power

is absorbed in the load.

4. Through: Transmission line connected port1 and port2 directly. Through is calibrate

a amplitude and phase variation of transmission characteristic.

4.1.2 RF ports

In this measurement, coaxial cables are used as substitute for coaxial pipes. Cables are

connected to the network analyzer by N connector and to the cavity by SMA connector

using converters. Antennas are used a 0.9mm ϕ enameled round copper wire jointed to

outer conductor by crimping terminal and solder-mounted to inner conductor. Figure 4.2 are

photographs of each RF antenna. Coupling of ports is determined by a planar dimension of

loops. Area of input loops is tuned near the 7cm2 which is optimum value in simulation. On

the other hand, output loop is made as small as possible not to coupled strongly.
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Figure 4.2: A photograph of RF antennas for the measurement.

　　　

4.2 Frequency character of the cavity

A characteristic of the cavity without tuning bars is measured. At first, resonance frequencies

of the TM110 mode and the TM210 mode are determined by S11 and obtained Q factor of

each mode by S21 (see Section 4.1.1). Figure 4.3 shows a resonance line shape near the

TM110 mode. A red arrow indicates the resonance frequencies of the TM110 mode in the

measurement. Figure 4.4 is a closeup of Figure 4.3. These peaks are determined as the TM110

mode by the reason that there should be two degenerated TM110 modes. The TM110-1 mode

is coupled input port for TM110 strongly and the the TM110-2 mode is coupled weakly as

mentioned in 3.1.3. In addition to this, the TM110-1 mode should be affected strongly by

tuning bar for TM110 than the TM110-2 mode. This confirmation is described in Section

4.3.

Thus the resonance frequencies of the TM110 modes are 1.9532 GHz (TM110-1) and

1.9541 GHz (TM110-2) in the measurement. It is slightly different from the value obtained

by 3.1, 1.9553 GHz. This is because the cavity contained ports for RF antenna and for tuning
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bars is not perfect cylinder.

Figure 4.5 shows a resonance line shape nearby the TM210 mode. The determination

of the TM210 mode is by same reasons as that of the TM110 mode. The resonance fre-

quencies of the TM210 modes are 2.6423 GHz (TM210-1) and 2.6455 GHz (TM210-2) in the

measurement. It is also slightly different from the value obtained by 3.1, 2.6207 GHz.

4.3 Performance evaluation of tuning bars

For performance evaluation of tuning bars,

• define the relationship between displacement of tuning bars and resonance frequencies

of the TM110 mode and the TM210 mode (see Section 4.3.2),

• check the difference between several types of tuning bars (see Section 4.3.3).

4.3.1 Q factor of the cavity with tuning bars

Q factor of the cavity was measured in case of the alumina (99.6 %) tuning bar (20 mm ×

100 mm × 5 mm) is used (see Figure 4.10). Q factor of the TM110-1 mode is about 8000

and of the TM210-1 mode is about 4000 obtained from FWHM of S21 parameter (see Table

4.3.2). These values are far less than the Q factors estimated by the simulation.

One of main possible causes of the Q factor depression is a coupling with input antennas.

As mentioned Section 4.1.1, QL of the cavity is equivalent to Qext when the cavity and the

input port is coupled. The peak of the S11 of the TM110-1 mode is only -15 dB. In this case,

3 % of the RF power is reflected. On the other hand, the peak of the S11 of the TM210-1

mode is only -2 dB so that about 63 % of RF power is reflected to the input port. Thus it is

not able to said that QL is equivalent to Qext, and optimization of the antennas is needed to

estimate accurate Q factor.

modes Q (in the measurement) Q (in the simulation)

TM110-1 8000 2.97× 104

TM210-1 4000 2.89× 104

Table 4.3: Comparison of Q factor between in the measurmeent and in the simulation.
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Figure 4.3: (a) S11 near the TM110 modes by the measurement. The red arrows show

resonance frequencies of each mode. (b) S21 by the measurement.
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Figure 4.4: A Closeup of Figure 4.3 (a). The red arrows show resonance frequencies of the

TM110 modes.
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Figure 4.5: (a) S11 near the TM210 modes by the measurement. The red arrows show

resonance frequencies of each mode. (b) S21 by the measurement.

　　　

89



Chapter 4 Measurement

　　　

RF port for TM110

RF port for TM210

RF port for output

tuning bar for TM210

tuning bar for TM110

　　　

Figure 4.6: A photograph of inner view of the cavity. The RF antennas and the tuning bars

are installed.
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4.3.2 Relationship between displacement of tuning bars and resonance fre-

quencies

Figure 4.7 and 4.8 show resonance frequency sweeps of the TM110 mode and the TM210

mode. The sweep range of the TM110 mode by the tuning bar1 is 1.948 GHz to 1.934

GHz and that of the TM210 mode is 2.608 GHz to 2.537 GHz. The sweep ranges in the

measurement are larger than in the simulation. One of the possible reasons is the difference

of geometry. In the simulation, coaxial pipes and rigid antennas which are under designing for

the muonium HFS measurement are used, while coaxial cables and thin copper wire antennas

are used in this measurement.

Figure 4.9 shows a TM110 resonance frequency sweep by the tuning bar for TM210 which

is not used for sweeping the TM110 mode originally. Unlike in the case of using the tuning

bar for TM110, the TM110-2 resonance frequency slightly varies with the displacement. This

is because the position relationship between the tuning bar and the electric field of TM110-2

is different from the case of using the tuning bar for TM110 (see Figure 3.10). Since the

TM110-1 resonance frequency also sweep by the tuning bar for TM210, the sweep range can

be larger than using only the tuning bar for TM110.

4.3.3 Difference between several types of tuning bars

Figure 4.10 shows three tuning bars to compare performance. Tuning bar2 is the double long

of tuning bar1 and tuning bar3 is the half thickness of the tuning bar1.

Figure 4.11 shows resonance frequency sweeps of the TM110-1 mode by three tuning

bars. As mentioned Section 4.1.1, a sweep range is defined by volume of the tuning bar. In

addition to this, displacement of tuning bar is defined as a length between inner surface of the

cavity and that of tuning bar, a thick tuning bar is inserted deeply at the same displacement.

Therefore, the sweep range of tuning bar3 is shorter than other bars and the line shape of

tuning bar2 is parallel to the that of tuning bar1. Figure 4.12 shows a same relation of the

TM210-1 mode. Since the RF field of the TM210 mode rotates on axis of the cavity (see

Figure 4.13), the parallel relationship of the line shape of tuning bar1 and tuning bar2 is not

kept.
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Figure 4.7: A TM110 resonance frequency sweep by the tuning bar for TM110. Square

markers are the values obtained in the measurement and triangle markers are the values

obtained in the simulation. Red one is a that of the TM110-1 mode and blue one is a that of

the TM110-2 mode.

　　　

92



Chapter 4 Measurement

　　　

displacement (mm)
0 2 4 6 8 10 12

T
M

2
1

0
 r

e
s

o
n

a
n

c
e

 f
re

q
u

e
n

c
y

 (
G

H
z

)

2.5

2.52

2.54

2.56

2.58

2.6

2.62

TM210-1 in the measurement

TM210-2 in the measurement

TM210-1 in the simulation

TM210-2 in the simulation

　　　

Figure 4.8: A TM210 resonance frequency sweep by the tuning bar for TM210. Square

markers are the values obtained in the measurement and triangle markers are the values

obtained in the simulation. Red one is a that of TM210-1 and blue one is a that of TM210-2.
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Figure 4.9: A TM110 resonance frequency sweep by the tuning bar for TM210. Red one is a

that of TM210-1 and blue one is a that of TM210-2.
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Figure 4.10: Three tuning bars are used for this measurement. The sweep range of tuning

bar3 is shorter than other bars and the line shape of tuning bar2 is parallel to the that of

tuning bar1.
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Figure 4.11: A difference of sweep range of the TM110 mode between several tuningbars.
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Figure 4.12: A difference of sweep range of TM210 mode between several tuningbars. the

parallel relationship of the line shape of tuning bar1 and tuning bar2 is not kept.
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Figure 4.13: A cross-sectional view of the electric fields of the TM210 mode. The RF field is

rotates on axis of the cavity by inserting the tuning bar.
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Discussion

5.1 Improvement of the uniformity of RF fields

The sweep range of the TM110 mode by tuning bar1 is 1.948 GHz to 1.934 GHz and that

of the TM210 mode by tuning bar2 is 2.608 GHz to 2.537 GHz (see Figure 4.7 and 4.8).

Compared to transition frequencies of ν12 and ν34 (see Equation 3.2 and 3.3), transition

frequency of ν34 is in the sweep range while ν12 is out of the range. To reach both transition

frequencies, some improvements are needed. Moreover, about 10 mm displacement is needed

to reach transition frequencies in the case of ν34. It is not good for uniformity of RF fields.

This section describes improvement of the sweep range and uniformity of RF fields.

5.1.1 Widen inner diameter of the cavity

A possible improvement of sweep range is moving the resonance frequencies of the cavity

close to the transition frequencies. It is possible by changing the diameter of the cavity.

The thickness of the cavity is 15 mm and it is possible to widen inner diameter by several

millimeter. Figure 5.1 and 5.2 show relations between diameter of the cavity and the reso-

nance frequencies of the TM110 mode and the TM210 mode by the simulation. The red line

shows a resonance frequency without tuning bars and the blue line shows a one with tuning

bars (20 mm× 100 mm× 5 mm) placed at origin. Since inserting the tuning bar decrease a

resonance frequency, the resonance frequencies when tuning bars are placed at origin should

be higher than the transition frequencies . Therefore, by widen the diameter of the cavity,

the resonance frequencies are close to the transition frequencies. However, there are gaps
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between in the simulation and the measurement (see Figure 4.7 and 4.8). To determine the

length to be widen, more accurate estimation by simulation is needed.

Widen the diameter of the cavity is also able to contribute the uniformity of RF field. If

the resonance frequencies are close to transition frequencies, smaller tuning bars or smaller

displacement of the tuning bars are sufficient to reach the transition frequencies (Also the

distance between the tuning bars and inner surface of the cavity at the origin point defined as

5 mm are able to be closer by chaniging the size of the tuning bar supports.) Since the tuning

bars mainly cause the nonuniformity of the RF field, this optimization acts as a improvement

of uniformity of RF field.
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Figure 5.1: A relation between the diameter of the cavity and the resonance frequency of the

TM110 mode by simulation. The red line shows a resonance frequency without tuning bars

and the blue line shows a with tuning bars put are placed at origin. The green line is the ν34

transition frequency.
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Figure 5.2: A relation between the diameter of the cavity and the resonance frequency of the

TM210 mode by simulation. The red line shows a resonance frequency without tuning bars

and the blue line shows a with tuning bars are placed at origin. The green line is the ν34

transition frequency.
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5.1.2 Optimization of the shape of tuning bars

Optimization of the shape of the tuning bars is also related to the uniformity of RF fields.

Figure 5.3 shows a comparison of electric fields of the TM110 mode between tuning bar1

and tuning bar2. Since length of the tuning bar1 is one-third of cavity length, the electric

field with tuning bar1 has two nodes on the axis. Thus there is a difference from shape of

the tuning bar at same volume and displacement, large but thin tuning bar is better for

uniformity of RF field.
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Figure 5.3: A difference of RF field of TM210 mode between tuning bar1 and tuning bar2.
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5.2 Schedule of development of the cavity

The cavity and the gas chamber should be ready until starting of the experiment. There are

following improvements and developments remained.

Improvement of the cavity

As mentioned in Section 5.1, redesigning of the cavity is required In order to optimize the

sweep range and for uniformity of RF field.

Temperature control system

For stability of a temperature in the cavity, cooling tube and thermometer shoud be ready

(see Section 3.3).

Gas handling

In order to seal Kr gas at the outer side of the cavity, the gas chamber should be ready (see

Section 3.5).

5.3 Schedule of muonium HFS experiment

Figure 5.4 shows the schedule of preparation of apparatus for this experiment. Whole appa-

ratus are ready and we can start the experiment until the end of 2012.
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Figure 5.4: A schedule of a preparation of this experiment. we can start this experiment

until the end of 2012.
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Figure A.1: A drawing of the cavity.
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Figure A.2: A drawing of the tuning bar.
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Figure A.3: Adrawing of the tuning bar support.
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Figure A.5: A drawing of the flange of tuning bar support port.
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Figure A.6: Adrawing of the SMA connector.
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Muon beamline

Muonium HFS experiment is planned at J-PARC/MUSE facility. J-PARC consists of a 400

MeV linac, 3 GeV and 50 GeV synchrotron rings, which provide an intense proton beam. A

1 MW proton beam is transported from the 3 GeV synchrotron ring to Material and Life

Science Facility (MLF). There are four muon beamlines for several purposes including under

construction.

B.1 How to provide a muon beam

A 3 GeV proton beam from the J-PARC Rapid Cycle Synchrotron passes through a carbon

target of 2 cm thickness produce pions. Different schemes are known to collect muons (see

Figure B.2).

Decay muon

Pions produced at the carbon target which have some energy distribution guided to a large

superconducting solenoid magnet. They decay into muons in the magnet. Muon beam is

focused and collected again and dedicate to muon beam line.

Surface muon

As is seen in Equation 2.1, one can in principle get a monoenergetic muon from a stopped

pion.

Muons which are produced by pions stopped near the surface of the carbon target are

collected. Surface muon beam line can provide slow muons of 4 MeV.
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Figure B.1: A drawing of a overview of facilities at J-PARC and muon beamline at MLF.

MLF has a four muon beamlines including under constructing.
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J-PARC/MLF (Material and Life Science Experimental Facility) has two decay muon

beam lines and two surface muon beam lines, some of which are under construction.

Ultra slow muon

Ultra slow muon is a technique of producing cold muon beam (0 ∼ 30 KeV). The process of

producing ultra slow muons is

1. muons stop at rear side of foil,

2. muons diffuse and reach to foil surface,

3. muoniums are formed by electron capture and evaporate,

4. ionize muoniums and produce ultra slow muons.

B.2 Muon beam lines

D line (operating)

Decay/Surface muon beam using a superconducting solenoid beam channel. The intensity of

beam is 3× 107 µ+/sec.

U line (under construction)

Dedicated beam line to produce Ultra Slow muon (E = 0.05 ∼ 30 KeV) with high intensity

(4× 108) and high luminosity.

S line (under construction)

Dedicate beam line to extract surface muon for Materials Science. Highest intensity pulsed

4 MeV µ+ for materials science.

H line (under construction)

High Momentum muon beam line. It is a candidate for g–2.

One of a candidate is the D-line which is the only beam line currently operational. It

provides 3×107 µ+/sec and it enough to outdo the previous experiment. The second candidate

is the H-line. In this case the expected surface muon yield is 4 × 108 µ+/sec. Beam energy

is 4 MeV.
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Figure B.2: Schemes of providing muons. Pions produced at the carbon target which have

some energy distribution guided to a large superconducting solenoid magnet and decay into

muons in the magnet (Decay muon). Collect muons which is produced by pions stopped

near the surface of the carbon target (Surface muon). ultra slow muons (0 ∼ 30 KeV) are

produced by a ionization of muonium.
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status momentum muon yield

D line operating 5 ∼ 120 MeV/c 3× 107 /s

U line under construction ∼ 30 MeV/c 4× 108/s

a few eV (Ultra slow) 106/s (Ultra slow)

S line under construction ∼ 30 MeV/c 1× 107 /s

H line under construction 30 MeV/c ∼ 120MeV/c 1× 108 /s

Table B.1: Spec of MLF muon beamline
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RF fields of the TM110 mode and

the TM210 mode

The amplitudes of the microwave electromagnetic field in the cavity are

Hr = −H110
J1(x11

2r
D )

x11
2r
D

sinϕ, (C.1)

Hϕ = −H110J
′
1(x11

2r

D
) cosϕ, (C.2)

Ez = E110J1(x11
2r

D
) cosϕ. (C.3)

for the TM110 mode and

H1r = −H210
2J2(x21

2r
D )

x21
2r
D

sin 2ϕ, (C.4)

H1ϕ = −H210J
′
2(x21

2r

D
) cos 2ϕ, (C.5)

Ez = E210J2(x21
2r

D
) cos 2ϕ. (C.6)

for the TM210 mode, in which Hmnp and Emnp are amplitude, r is the radial coordinate and

ϕ is the azimuthal angle measured with respect to the position of the input loop.

The microwave power spatial distribution is proportional to

H2
1 (r, ϕ) = H2

1r(r, ϕ) +H2
1ϕ(r, ϕ). (C.7)
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Evaluation of a input RF power

One of the way to obtain a resonance line is counting a number of decay positrons from t = 0

to t = ∞. We consider muonium formed at t = 0. The signal is defined as [6]

S =
∆N

NOFF
. (D.1)

∆N = NON −NOFF. (D.2)

where NOFF (NON) is the number of positrons observed when microwaves off (on). Approxi-

mately, the signal is

Smax ≈ 2|b|2

4|b|2 + γ2
, (D.3)

in which |b| is proportional to the amplitude of the magnetic field and γ is muon decay rate.

Following D.1, required RF magnetic field for transition is about 0.005 G at muonium formed.

Max magnetic field of the TM110 mode is approximately equivalent to this value when RF

input power is about 10 W.

Another way to obtain a resonance line is “old muonium” method. we consider the time

dependence of the signal observed over time interval t1 to t2. The approximate expression

for the line shape which gives in dominant features is

S ≈ (2|b|2)/Γ)γe−γt1(1− cos Γt1)δt

e−γt1 − e−γt2
, (D.4)

where

Γ2 = (ω12 − ω)2 + 4|b|2. (D.5)

ω12 is transition frequency of ν12 and ω is the microwave frequency. And the denominator in
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Figure D.1: A relation between signal ratio of microwaves on to off and amplitude of RF

magnetic field. The red line represents that of ν12 and the blue line represents that of ν34.
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equation D.4 is :

e−γt1 − e−γt2 ≈ γe−γt1δt. (D.6)

Then D.4 becomes

S ≈ 2|b|2 1− cos Γt1
Γ2

. (D.7)

Thus maximum of signal ratio is determined by t1 and maximum of the signal occur in times

[6]

t1(max) =
(n+ 1/2)π

|b|
. (D.8)
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