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Abstract

A hydrogen-like atom consisting of a positive muon and an electron is known as muo-
nium. It is an ideal two-body system for the precision test of bound-state theory and
fundamental symmetries. This thesis describes a new precision measurement of the
muonium ground state hyperfine splitting. The measuring precision of the muonium
hyperfine splitting was statistically limited by a conventional method with the contin-
uous muon beam. The experiment was the first trial of muonium spectroscopy with
the high-intensity pulsed muon beam at J-PARC. In order to resolve the problems in
the precursor experiments, the world highest intensity pulsed muon beam, a high-rate
capable positron detector, two-dimensional and three-dimensional muon beam profile
monitors, and a high performance magnetic shield were orchestrated. In the pursuit
of evaluation of the systematic uncertainty, a numerical simulation framework was
developed. The resonance of hyperfine transition was successfully observed and the
muonium hyperfine structure interval of

Av = 4.463292(22) GHz

was obtained with the relative precision of 4.9 ppm. The result was consistent with
the previous ones obtained at Los Alamos National Laboratory with the continuous
muon beam. Experimental data analysis and estimation of systematic uncertainty
demonstrated validity of the new methodology seeking a new frontier of the precision
physics with high-intensity pulsed muon beam.
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Chapter 1

Introduction

This chapter describes physics background including a review of the precursor exper-

iment and significance of the study.

1.1 Hyperfine splitting of hydrogen-like atoms

Muonium is a bound state of a positive muon and an electron. In the standard model
of particle physics, muonium is a two-body system of structureless leptons which was
discovered by Hughes et al. [1]. Therefore, a precision measurement of muonium
ground state hyperfine splitting (HFS) is the most rigorous validation of bound-state
quantum electrodynamics (QED) theory and the most precise method to determine
the muon mass via the muon-to-electron mass ratio [2|.

QED is the most precise theory in the standard model for the system composed
of electrons and photons. The pursuit of precise comparison between the theory
and the experiment is primordial question of the physics. The most stringent test
of QED was established by measurement of electron spin precession in a penning
trap [3]. However, to study the nature of constituent of the world, experimental
and theoretical perception of multi-body system is of importance. Spectroscopy of
hydrogen-like atom has been one of the most powerful approaches to this subject.
For instance, observation of hydrogen HF'S interval revealed the existence of electron

anomalous magnetic moment. From the viewpoint of bound-state QED validation via
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a precision measurement of HF'S interval, there are three candidates as a measuring

object; hydrogen (p - e7), positronium(et - ¢7), and muonium (u* - e7).

The most precise experimental result of hydrogen HFS is [4, 5]
Avy,,, = 1420.405 751 766 7(3) MHz (1.1)
and theoretical value is [6]

Avm,..., = 1420.405 11(79)(57)(140) MHz (1.2)

where the first error is contribution from finite size effect of the proton, the second
error is contribution of proton polarizability, and the last error is summation of re-
maining contributions. There is a difficulty in improvement of theoretical calculation
because the proton is composite particle and understanding of its internal structure
is limited.

The most recent experimental result of positronium HFS is [7]
Avpg,, = 203.394 2(16)(13) GHz (1.3)

where the first error is statistical uncertainty and the second is systematic. Theoretical
value is [§]

Avpg,..., = 203.391 69(41) GHz (1.4)

where the error is contribution from unknown non-logarithmic higher-order term.

The muonium HFS was measured by two independent methods; a direct mea-
surement at zero magnetic field and an indirect one utilizing the Zeeman splitting in
a high magnetic field. The most precise value of directly-measured muonium HFS

interval was

Ay, = 4.463 302 2(14) GHz (1.5)

reported by Casperson et al. in 1975 [9]. Note that only statistical uncertainty was

considered and systematic uncertainties were not evaluated quantitatively. The de-
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tails of the precursor experiment at zero magnetic field is described in the following
part of this section.

The most recent experimental result of muonium HF'S interval was obtained from
the indirect measurement in the presence of a high magnetic field at 1.7 T. The result

reported by Liu et al., in 1999 was [10]
Aty = 4.463 302 765(50)(17) GHz (1.6)

where the first error is statistical uncertainty and the second is systematic.

The most precise theoretical value of muonium HF'S is obtained as follows [2].
Ay, = 4463 302 868(271) GHz. (1.7)

The details of the theoretical calculation of muonium HFS are discussed in Chapter
2.
In summary, experimental results and theoretical values of HE'S interval are listed

in Table 1.1 as follows. The most precise comparison between the experiment and

Table 1.1: Experimental and theoretical precision of HF'S intervals. Values in column
Comparison are defined as the difference between the experimental result and the
theoretical one.

Type of atom Experiment  Theory Comparison Reference
Hydrogen 0.2 ppt 1.2ppm (0.5+1.2) ppm [4, 6]
Positronium 10 ppm  2ppm (124 10) ppm [7, 8]
Muonium (Direct) 300 ppb 61 ppb (150 £ 306) ppb 9]
Muonium (Indirect) 12 ppb 61 ppb (23 +63) ppb [10]

the theory is possible with muonium. Furthermore, the precision measurement of
muonium HFS interval has profound significance in search for physics beyond the
standard model. As an example of application, test for Lorentz symmetry via the
measurement of sidereal oscillation, search for a new massive vector boson inspired
by proton radius puzzle, and constraint on a long-range spin dependent interaction

are discussed in the following chapter. The details of the theoretical background are
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discussed in the former half of Chapter 2.

Spectroscopy of the muonium energy levels is performed via measurement of
positron angular asymmetry from muonium decays. A muon is obtained from parity
violating decay of pion

=t +y, (1.8)

and its is spin polarized in a direction of its momentum. The muon decay
pr=et+r.+7, (1.9)

is also a parity violating process and there is the correlation between the positron
momentum and the muon spin direction. Therefore, an averaged muon spin can be
obtained by the measurement of decay positron angular asymmetry. Muonium is
formed via electron capture in a production target which doubles as a muon stopping
target. As a muonium production target, Krypton gas is utilized because of its thresh-
old energy is suitable. In order to measure the energy interval between spin singlet
and triplet, muonium spin flip is induced by a microwave resonance. When muonium
spin flip occurs, the yield of decay positron which is detected in the downstream side
increases since the initial muon spin is aligned in the upstream direction. Experi-
mental observable is an excess of the number of decay positron as a function of the
microwave frequency detuning from HF'S resonance. The details of the experimental

principle are presented in the latter half of Chapter 2.

1.2 Zero field experiment at LAMPF

The precursor experiments of muonium HFS spectroscopy were performed at Los
Alamos Meson Physics Facility (LAMPF) in Los Alamos National Laboratory (LANL).
Figure 1-1 illustrates the experimental setup. The continuous muon beam was irra-
diated to the aluminium pressure vessel through the trigger counters. The pressure
vessel was filled with Krypton gas and the microwave cavity was installed inside the

vessel. Positrons from muonium decay were detected by the proportional chambers
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and the scintillation counters. In order to avoid the pileup of muon detection, the

beam intensity was limited to 50,000 muons per second.
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Figure 1-1: Experimental setup of the precursor experiment at LAMPF [9]. Muons
and positrons were detected by the proportional chambers and the scintillation
counters denoted P1, P2 and S1 through S7 respectively. A muon signal was de-
fined as pug = S1-S3-S4-S6-P1-P2 and a positron signal was defined as eg =
S1-S3-S4-P1-P2.

Figure 1-2 shows the muonium HF'S resonance curve obtained by the experiment.
The vertical axis indicates the muonium HF'S signal which was defined as the number
of decay positrons normalized by the number of stopped muons. The horizontal
axis indicates the microwave frequency. The solid line corresponds to a fitting curve
consisting of a Lorenzian function on constant background. This resonance curve was
obtained in ten hours of measurement and statistical uncertainty of the frequency
center was 9.4 kHz (2 ppm). As a result of the experiment in 600 hours of beam time,
the muonium HFS frequency was measured with the precision of 1.4 kHz (300 ppb).
Note that only statistical uncertainty was considered and systematic uncertainties

were not evaluated quantitatively.

1.3 Objective and significance of the study

The measurement precision of the muonium HFS was mostly statistically limited.

This limitation was unavoidable since the continuous muon beam was utilized. The
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Figure 1-2: Resonance lineshape obtained by the experiment at LAMPF [9]. The
muonium spin flip signal was defined as eg/us —1 at each microwave frequency where
is is the number of muon stopping in the gas target and eg is the number of decay
positron emitted in the downstream direction.

muonium spin flip signal is time dependent and normalized by the number of inci-
dent muon. Therefore, for a case of an experiment with the continuous beam, a pair
of muon and positron is detected one-by-one. Thus the pileup of muon trigger sig-
nal results in serious systematic uncertainty. In order to overcome this limitation in
the precursor experiment, a new experiment utilizing the high-intensity pulsed muon
beam was proposed. In contrast to the continuous beam, the pulsed beam has a
periodic timing structure by nature. For a case of an experiment with pulsed beam,
no muon trigger counter is required because an arrival of the muon beam is synchro-
nized to an accelerator repetition. However, this benefit involves the difficulties in
the positron detection due to high instantaneous event rate. The novelty and signif-
icance of the studies described in this thesis are an application of the high-intensity
pulsed muon beam and the development of a high-rate capable positron detection sys-
tem. Furthermore, a numerical simulation framework for a quantitative estimation
of systematic uncertainty which had not been performed in the precursor study was

developed. The objective of this thesis is to prove the validity of the new experimental
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method.

1.4 Structure of the thesis

This dissertation discusses a new direct measurement of muonium HFS with high-
intensity pulsed muon beam at Japan Proton Accelerator Research Complex (J-
PARC). The apparatus is described in Chapter 3.

The high intensity pulsed muon beam has a beneficial effect on accumulation
of statistics in a limited beam time. On the other hand, the requirements for a
detector system is severer than what in the case of continuous beam. Feasibility of
the experiment was studied by both numerical simulation and test experiments. The
details of simulation study are discussed in Chapter 4.

This thesis has two chapters for the detailed description of detector development.
One is for a muon detection system and the other is for a positron detector. Chapter 5
describes the development of a two-dimensional fiber muon beam profile monitor and
a three-dimensional muon beam imager. The three-dimensional muon beam imager
is utilized to optimize the beam parameters and the target gas condition. Both muon
detectors are of service for suppression of systematic uncertainty related to muon
beam.

The details of the positron detector development are described in Chapter 6.
Because the high-intensity pulsed muon beam is utilized, a number of positrons are
emitted at short time intervals and a signal pileup becomes a problem. In order to
realize high signal sensitivity and suppression of the signal pileup at the same time,
fine segmentation of the detector with an integrated readout electronics is essential.

The experiment was performed in 2016 June at J-PARC Material and Life Science
Facility (MLF) Muon Science Establishment (MUSE) D2 area. Experimental setup
and data collection summary is presented in Chapter 7.

To determine the muonium HFS interval with a systematic uncertainty as small
as possible, a new framework for resonance analysis was developed. Data analysis is

described in Chapter 8. The experimental results and evaluation of the systematic
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uncertainty are discussed in Chapter 9.
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Chapter 2
Physics

This chapter describes a theoretical review of the muonium hyperfine splitting and

experimental principle.

2.1 Muonium hyperfine splitting in the standard model

The hyperfine splitting (HES) of the muonium originates from the interaction of the
magnetic moments of the muon and the electron. The most dominant contribution

of muonium HFS is the Fermi energy [11]

16 Me me1 3
]

vp = EQZZBCROO (2.1)

my
where « is the fine structure constant, Z is the atomic number, ¢ is the speed of the
light, R is the Rydberg constant, m. and m, are the electron and muon masses,
respectively.

2 were obtained from the Breit

Formerly, the muonium energy levels up to orders a
equation [13]. The Breit equation was not applicable to higher order calculation and
it was not Lorentz covariant. Subsequently, the approach based on the Bethe-Salpeter
equation has been widely used to the relativistic bound state problem [14]|. However, it

has difficulty in the calculation of higher order terms due to its complicated structure.

To solve the problem with non-relativistic bound state, a suitable QED formulation
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named non-relativistic quantum electrodynamics (NRQED) was developed by Caswell
and Lepage [16]. NRQED is not a non-relativistic approximation theory of QED but
a fully-equivalent theory with the restriction to small momentum transfer defined by

the cut-off comparable to the electron mass [21].

Theoretical value of the muonium HFS is obtained by the addition of correction

terms to the Fermi energy as follows.

VvV =Vp + AVrel + AVlrad + AVrec + AVrad—rec + AVweak + AVhabd (22)

where Av,. represents the relativistic correction, Av,,q is the radiative correction,
Al 18 the recoil correction, Avyag—rec 18 the radiative recoil correction, Avyeax is
the weak contribution, and Auwy,q is the hadronic contribution. There are three
small parameters «, Za, and m./m, for expansion of the theoretical expression of
each correction term. For a case of muonium, the atomic number Z equals to one.
However, in order to identify the source of the terms, the binding parameter Z« is

utilized explicitly.

Relativistic correction

The relativistic correction arises from the vector potential generated by the muon
magnetic moment. The leading relativistic correction of order (Za)? is calculated by

the Breit equation [13]

1+ 2y
Al = ———— 2.3
T St (23)
— 356.201 kHz (2.4)

where v = /1 — (Za)?.

22



Radiative correction

Leading radiative corrections are attributed to the electron and muon anomalous

magnetic moments [12]

Av,, = a.vp (2.5)

Av,, = a,vp (2.6)

where a, and a, are the anomalous magnetic moments of the electron and muon.

These radiative corrections depend on a and independent of the binding parameter
Za. The main contribution of anomalous magnetic moment is known as the Schwinger

term [15]

«

AVSChwinger = %VF (27)

= 5178.763 kHz (2.8)
and total anomalous magnetic moment contributions are calculated as follows

Av,, = 5170.926 kHz (2.9)
Av,, = 5192.517 kHz. (2.10)

In addition, there are non-trivial radiative contributions depending on both «
and Za. These corrections are mainly induced by the radiative insertions of the
electron-line and polarization insertion in the external photons. To improve the the-
oretical precision of muonium HFS, radiative correction terms of order o?(Z«) are of

importance.

Table 2.1 shows the radiative corrections of each order. The terms of order o*
are not negligible due to the logarithmic enhancement by the factor In*(1/Za) or

In(1/Za).
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Table 2.1: Radiative corrections of order o™ (Za)™.

Order  Contribution (kHz) Reference

a(Za) “128.611(1) 29]
a?(Za) 0.4256 (2) [30]
a(Za)? -32.115(3) 131
a(Za)? -0.542(8) [20]
a2(Za)? 0.193 (24) 21]

Total ~461.075(39)

Recoil correction

For radiative correction case, the order of the term was classified by small parameters
a and Za. Besides these, recoil corrections have the third small parameter m./m,

as a recoil factor. The leading recoil corrections arise from two-photon exchanges.

The leading recoil correction is [22, 23, 24|

37 e
AVrec - (__a —T;L My 2) In My (211)
T mZ —mg Me
— —800.304 kHz. (2.12)

Total recoil correction including higher order contribution is calculated as follows

[12]

Alpee = —T791.714(80) kHz. (2.13)

Radiative recoil correction

The leading radiative recoil corrosions are expressed by radiative insertion to the
recoil diagrams. Insertions of electron, muon, and photon lines are to be considered.
The leading logarithmic electron line contribution in radiative recoil correction is [25]

15 a(Za) me
—————1n
4 7 m, me

My

AVrahd—rec - (214)
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and total radiative recoil correction is calculated as follows [12]

AVsad—ree = —3.427(70) kHz. (2.15)

Electroweak correction

A contribution from the Z° exchange is [26]

3\/§mem”E
———LF

AWea = -G
Pveals 7 8ar

(2.16)

= —65 Hz

where G is the Fermi coupling constant. A contribution from higher order terms is

a small percent of the leading contribution and negligible.

Hadronic correction

A contribution from the hadronic vacuum polarization is [33|

Alhadr, = e 1// ds o(s)H(s) (2.17)
4

T 9.3
27 mu m2

= 232.7(1.4) Hz

where m, is the charged pion mass, s is the center of mass energy squared, o(s) is the

total cross section of electron annihilation into hadrons, and H(s) is the QED kernel.

A contribution from the hadronic higher order terms is [27]
AyhadHo = 5(2) Hz (218)
and a contribution from the hadronic light-by-light scattering is [28|

Alpaa, . = —0.0065(10) Hz. (2.19)
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2.1.1 Theoretical prediction of muonium hyperfine splitting

By adding all contributions as described above, the theoretical prediction of muonium
HF'S is obtained. In terms of a high precision comparison between theory and exper-
iment, theoretical uncertainty is of importance. Table 2.2 summarizes uncertainties

in the theoretical calculation of muonium HFS [2].

Table 2.2: Theoretical uncertainties in muonium hyperfine splitting.

Term Contribution (Hz) Major source

Radiative correction 5 Uncalculated contribution

Recoil correction 64 Constant term

Radiative recoil correction 55 Constant term

Hadronic correction 1.4 Vacuum polarization
Total 85

The theoretical expression contains 85 Hz of uncertainty. This value is relatively
small in comparison to uncertainties arising from the physical constants. The Fermi

energy is calculated as follows |2]

vrp =4 453 838.995(257) kHz (2.20)

with the physical constants

o~ = 137.035 999 139 (31) (2.21)
Rece = 3.289 841 960 355 (19) Hz (2.22)
Me _ 4.83633170(11) x 107, (2.23)
my,

To obtain a unique set of the fundamental constants in the theoretical expression,

the least-squares calculations with experimental inputs were performed as follows [2]

Me a))+6 (2.24)

"

v=v(Ry,q,
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where ¢ is the uncertainty in the theoretical expression. As a result of calculation,
v =4.463 302 868 (271) Hz (2.25)

was obtained. The uncertainty in this result is dominated by the mass ratio m./m,,.

2.2 Determination of the fundamental physical con-

stants relevant to muon

A precision measurement of the muonium HFS is capable of determination of the
fundamental physical constants relevant to muon. This section describes how the
muon-to-electron mass ratio and the muon anomalous magnetic moment are deter-

mined by the muonium HFS.

2.2.1 Muon-to-electron mass ratio

By comparing the theoretical expression and experimental result of the muonium
HF'S, the muon-to-electron mass ratio can be extracted. The theoretical expression

of muonium HF'S is described as follows

16 m
2 e
Vtheory = 5 & CRoo

3 my,

Me

[1 + ]_3 +6(a, me/my,) (2.26)

my
where the function ¢ corresponds to the higher order corrections weakly depending
on o and m./m,. Under the assumption Ve, = Viheory, the experimental value of
the muonium HFS determines the muon-to-electron mass ratio with the precision
of 25 ppb. The atomic mass of the electron is measured in a Penning trap with
high precision. As of the year 2016, 30 ppt is the highest precision for the electron
mass [35]. Therefore, the muon mass can be determined from the mass ratio and the

electron mass.
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2.2.2 Muon anomalous magnetic moment

The muon anomalous magnetic moment a, is considered as a clue to physics be-
yond the standard model because there is larger than three standard-deviations of

discrepancy between experimental result and theoretical calculation [36, 37]

a,(Exp.) = 11 659 208.9(6.3) (2.27)

a,(Theory) = 11 659 181.8(4.9). (2.28)

The muon-to-electon mass ratio is one of the necessities to the experimental determi-
nation of the muon anomalous magnetic moment

_ G fiy My

= 2.29
2 Wy e Me ( )

a,
where g, is the electron g-factor, fi,() is the magnetic moment of proton (electron),
wp is the Larmor frequency of the proton, and w, is the difference of the preces-
sion frequencies between the muon spin and a cyclotron motion in a storage ring.
The relative uncertainty of the muon anomalous magnetic moment is 540 ppb and a

contribution from the muonium HF'S is 27 ppb.

2.3 Physics beyond standard model relevant to muo-
nium hyperfine splitting

In this section, physics beyond the standard model which can be explored by a preci-
sion measurement of the muonium HF'S is discussed. In terms of searches for exotic

physics, muonium has three key features as follows.

1. Muonium distinguishes the direction in space by relative relationship between

its spin polarization and an external magnetic field.

2. Contributions from the weak and the strong interactions are tiny and higher

order corrections in small parameter m./m,, are available to calculate electro-
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magnetic contribution precisely.

3. High-intensity proton accelerator is capable for massive production of spin po-

larized muonium.

2.3.1 Lorentz and CPT violation

Lorentz and CPT symmetry are the most fundamental symmetries of the physical
laws. A group of effective quantum field theory called the Standard Model Exten-
sion (SME) provides a theoretical framework including Lorentz violating terms. The

minimal form of the SME in the lepton sector is [38]

L= —abpy* — b5y U
— = a2
- Héﬁ@/)zaaﬁ@bl/z + cha,eﬁbﬁ D Py /2

e
+ idl, g5y D Py /2. (2.30)

The lepton field v is denoted by [ = e~, u~. Differential operator is defined as
iD, = 10, + |e|A, where A% is the vector potential of the electromagnetic field.
Parameters a and b are CPT odd coefficients, while H, ¢, and d are CPT even ones.

Since the muonium hyperfine transition conserves lepton number, the extended

Dirac equation can be derived from flavor-diagonal terms in Eq. 2.30 as follows.

(i7*Dy — my, + aaY™ — baysy™ + HagaaB/Q

Fitas1® D + iduysy D) = 0 (2.31)

where v is a four-component muon field of mass m,, parameters a, b, H, ¢, k are
coefficients of Lorentz violating terms.

With the perturbative treatment of Eq. 2.31, the leading term of Lorentz-violating
energy shifts in the muonium HF'S is obtained [38§|

Av =10/ (2.32)
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where Av is the muonium HFS and l;g /7 is the laboratory frame parameter which is
defined as by = b + dbym,, + HL.

The SME predicts Lorentz violating observables such as the sidereal oscillation
and the annual variation of muonium transition frequency. Due to the rotation of
laboratory frame with the Earth, energy shifts oscillate with a period of 23 hours
56 minutes. Applying transformation from the laboratory frame to the non-rotating

celestial frame, Bg‘ is expressed with suitable basis X, Y, and Z as follows
bl = b cos x + (b cos Qt + b sin Q) sin x (2.33)

where l;ﬁ with J = X,Y, Z is the non-rotating frame parameter defined as E’j =
Vi +mydi +erxnHyyp, O is the Earth’s sidereal frequency, and x is the angle between
the quantization axis of muon spin and the Z-direction. In the experiment, the Z-
direction is selected along the Earth’s axis. These parameters are related to the

experimental observable; the muonium transition energy shift by inequality constraint

| sin x|

. (D)2 + (B5)? < dmna. (2.34)

Figure 2-1 is an analysis result by Hughes et al. obtained from the most recent
experimental data [39]. No significant sidereal oscillation was found and theoretical

parameters were constrained

/(D)2 + (B4)2 < 2 x 1072 GeV. (2.35)

2.3.2 Massive vector boson inspired by the proton radius puz-
zle
The charge radius of the proton was measured by two independent techniques; electron-

proton scattering and laser spectroscopy of muonic hydrogen. About 4% or seven

standard deviations of discrepancy between the results of two experiments was re-

30



n 200 [
T150 | Av—4463302765 Hz vs. Sidereal Time
100 |
50 |
0 - ;
e
-100 | )
—150 | Av(t) = <Av> + 6Avsin(27t+p)
—200 - 6Av=-8+/-20Hz
oo v b b by v e a e by b s b g by v bus g
0O 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (Sidereal Days)

Figure 2-1: Search for the sidereal oscillation of muonium transition frequencies [39].
The amplitude of periodic variations of the muonium HFS frequency was evaluated
by fitting the sine curve for data points.

ported by R. Pohl et al. [41].

The most precise proton charge radius 7, obtained from the e — p scattering
experiment is

r, = 0.8775(51) fm (2.36)

and one from the laser spectroscopy of the Lamb shift in muonic hydrogen is

r, = 0.84087(39) fm. (2.37)

This conflict between two experiments is so called the proton radius puzzle and various
interpretations were proposed to understand the discrepancy. One of the potential

solutions is a contribution of an additional vector force between muons and protons

140].

Phenomenologically, a new vector boson V' which mediates the exotic interaction
between muons and protons is introduced. This new particle can be regarded as a

variation of dark photons. The interaction Lagrangian for this new muon-specific
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force carrier V is

L=V, [kJ™ = (gvr + 9a775) 0] (2.38)

=-V, [efﬂzp%ﬂbp - 6/“@%%] - &u((eﬁ + gV)’VV + gA'YV'YB)wu]

where g4 and gy are the muon specific couplings, e = (47a)/2, k is the mixing angle
between the photon and V.

A room for exotic corrections to the muonium HFS interval is

| AVINS
E

hfs

| <1.24x 1077 (2.39)

when it is limited at two standard deviations.
In the limit m,, > my where my is the mass of a new particle, the exotic correction

obeys
[GE(—p2)GM(—p2)
p! I2m

1 (2.40)

2

AFEwys  2am, / d?
Ehfs ™

where p? the square of the space-like momentum, m, is the reduced mass of the muon
and electron, G and Gy are the electric and magnetic form factors, and p, is the
magnetic moment of the muon. The form factor Gy is a function of the coupling

constant gy and the mass of a new particle my as follows

Kl gv/e)

(2.41)
p* +my,

Gpony — 1=

The coupling constants of muon-specific force are constrained as a function of my,

as shown in the Figure 2-2.

2.3.3 Long-ranged interaction mediated by light pseudo vector

boson

As a candidate of the dark matter, a new light pseudo vector boson which induces a
spin dependent interaction between atomic constituents can be introduced. This type

of interaction results a Yukawa-type correction term to the Coulomb raw as below
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Figure 2-2: Constraints on the mass of massive vector boson my and the coupling
parameters of the new interaction gy, ga [40]. The regions with solid and dashed
boundary lines correspond to the allowed regions for a vector and an axial-vector
boson, respectively. The orange region represents the parameter constrains from the
muonium HFS. Allowed parameter region for a massive vector boson corresponds to
the upper green band.

[42]

_a__ata(si-sye” (2.42)
r T

where « is the fine structure constant, o’ is a coupling constants of a new boson, s;
and s, are particle spin vectors, A is a characteristic range of the interaction, and
r is a spacial distance between particles. Figure 2-3 shows constraints on coupling
constant o’ as a function of pseudo vector boson mass. The muonium HFS constrains

this type of exotic interaction with the strictest limitation.
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Figure 2-3: Constraints on the mass of light pseudo vector boson A and the coupling
constant of the new interaction «’ [42]. Red arrow indicates the constraint by the
muonium HFS. The most severe constraint is given by the muonium HFS.

2.4 Theoretical background of the measurement

This section describes theoretical discussion of muonium energy levels and state am-

plitudes [43, 44, 45, 46].

2.4.1 Energy levels of muonium

The Hamiltonian of muonium in the presence of magnetic field is
H=nhAvI -J+ peg;J -H—p,9,1-H (2.43)

where h is the Planck constant, I is the muon spin, J is the electron spin. pu. and
i, are the Bohr magnetons of electron and muon, g; and g, are the bound-state
g-factors of electron and muon, and H is an external magnetic field. The first term
represents a magnetic interaction between electron and muon, the second and the
third correspond to the energy of electron and muon in the presence of magnetic field

respectively. The energy levels of muonium ground states are obtained as eigenvalues
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of this Hamiltonian.

The associated time dependent Hamiltonian is

H' = (pegsd — pug,I) - Hyp coswt (2.44)

= H coswt (2.45)

where Hgp is the applied microwave magnetic field and w is its angular frequency.

Figure 2-4 represents the energy levels of four ground states of muonium as a
function of static magnetic field in the unit of hyperfine transition energy hAv. By
taking difference of energy between contiguous states, hyperfine transition frequencies

are obtained as shown in Figure 2-5.

Energy Level/HFS

Magnetic field (T)

Figure 2-4: Energy levels of the ground state muonium as a function of static magnetic
field. Three red lines correspond to the spin triplet states while green line correspond
to the spin singlet state. Spin directions of a muon (red) and an electron (blue) in
each state are illustrated on the right side. The vertical axis was normalized by the
muonium HFS at zero magnetic field of 4.463 GHz.

The four eigenstates of muonium are described by weak and high field quantum

numbers as in Table 2.3. In this table, @ and 8 are normalized spin eigenfunctions of
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Figure 2-5: Muonium hyperfine transition frequency as a function of a static magnetic
field. Red and blue lines correspond to the state transitions |3) <+ |4) and |1) < [2),
respectively.

the muon or the electron. The coefficients ¢ and s are

1 T
§— — [J1— = 2.46
V2 V1+ a2 (2.46)

1 T
c=—, /1 4+ ——— 2.47
V2 V1+ 22 (2:47)

with the field parameter defined as follows

r = (gsp° — gu9") (2.48)

hAv

where H is a strength of the external magnetic field.

In the limit of high magnetic field = > 1, the field parameters s and ¢ are s =~ 0
and ¢ ~ 1. In the limit of zero magnetic field, the parameters are s ~ ¢ ~ 1/v/2. In
a high magnetic field, the z-components of muon and electron spin; m, and m,. are
good quantum numbers of the system. On the other hand, in a weak magnetic field,
the total angular momentum of muonium F' and the associated magnetic quantum

number My describe the eigenstates.
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Table 2.3: Eigenstates of muonium in a weak field and a high field.

Eigenstate Weak field  High Field

(F7 MF) (mm me)
X1 = Qe (171) (1/27 1/2)
X2 = Sauﬁe + Cﬁ,uae (170) (_1/27 1/2>
X3 = Bube (1,-1) (-1/2,-1/2)
X4 = Cauﬁe - Sﬁuae (070) (1/27 _1/2)

The muonium wave function of each state is defined as follows

4
U(r,t) = (r) Y ar(t)xpexp™ /" (2.49)
k=1
where ¢(r) is the spacial component, xj is the spin component of the wave function,
ai(t) is the state amplitude, and W}, is the energy eigenvalue.

The energy eigenvalue of muonium is obtained from the equation of

1 1
Wear, = =78 — pl'g, MpH & 5Ay\/1 + 2Mpx + 2. (2.50)
Time dependent state amplitudes of muonium are decomposed to two components;
muon decay and state transition. Muon decay operator obeys

i (t) = —%’yak(t) (2.51)

with the muon decay rate y = 4.5490(17) x 10° Hz.

State transition is described as

_ov ,
i = (H+Hy) U (). (2.52)

From these equations, the time differential state amplitudes are described as fol-

lows

i (t) = —%’yak(t) i3 bt (2.53)
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where

1.

fik — e—i(wik—w)t + e—i(wik"‘w)t (255)
Wi — W,

o = —— 3 (2.56)

For a generalized microwave magnetic field H = Hyx + Hyy + H.z, the matrix
element b;; is summarized in the Table 2.4 as follows. The z-axis is defined in parallel
with the quantization axis of the muon spin. In the experiment, the initial muon spin

is aligned with the beam axis.

Table 2.4: Matrix elements b;; = 5 (i|'o|k). By and By are the Bohr magneton of
an electron and a muon, respectively. The complex magnetic field H. is defined as
H, = H, £1H,. The field coefficients ¢ and s are defined in 2.46.

k N\ i 1 2 3 1

1 (BJ+B[)HZ (SBJ‘FCB])H, 0 (CBJ—SB[)H,

2 (SBJ“FCB[)H.;,. (62 _82>(BJ_B[)HZ (CBJ+SB[)H_ —ZSC(BJ—B[)HZ
3 0 (CBJ+SB[>H+ —(BJ+B[)H+ (_SBJ+CB[)H+

4 (CBJ — SB[)H+ —2SC(BJ — B[)HZ (—SBJ + CB])H_ (82 — 62)(BJ — B[)HZ

2.4.2 State amplitude of muonium states

In general, the state amplitudes of muonium are given as the solutions of Eq. 2.53.

This equation can be written in matrix form as follows.

ay —7/2 —ibget @2t _jpgeilwinWt _gp) eilwiamw)t a1
Qs — bt i@t —7/2 —ibggelw=w)t b, eilwaa—w)t as
ay || —ivtetner Lppeinman e peitsen [ g,
ay —iby et by et jpy el —v/2 a

The direction of z-axis is selected in parallel with the initial direction of muon
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spin. In the experiment, the initial muon spin is fully polarized in the upstream
direction. When microwave magnetic field is applied perpendicularly to the z-axis,

matrix elements with AMp = 0 are negligible. Hence, Eq. 2.57 can be simplified as

a —v/2 0 0 —ibygei@ra—w)t a;
dg 0 —"}//2 0 0 (05}
as 0 0 —v/2 —ibgqei@a—w)t as
a —ibjei@r=t g by eilwsmw)t —v/2 ay
(2.58)
and obviously the state |2) is decoupled from other states.
Linear combinations of state amplitudes
1
ay = 5\/5(@1 + CL3) (259)
1
a_ = 5\/§(a1 —as) (2.60)
obeys the matrix equations as follows.
Qs —~ /2 0 0 a
a_ | = 0 —/2 —iy/2be!wo—wt a_ (2.61)
(g 0 —iyv/2be ilwo—w)t —v/2 ay

Only the states a_ and a4 are coupled. Therefore, the solution for the state amplitudes

is two-level problem
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ay(t) = 7 (2.62)
~,a1(0) —as(0), Tt iw Tt 2v2b Tt i
a_(t) =1 7 [cos 5 ~ T sin 2]+a4(0)[ = sin J}e
(2.63)
~;a1(0) — ag(0) —i2v2b . Tt Tt W T i
as(t) ={ 7 [ T sing | + a4(0)[cos 5 +i T sin J}e
(2.64)
where
Ww=wy—w (2.65)
I = /o + 8|02 (2.66)

When a spin-polarized muon captures an unpolarized electron and forms a muo-

nium, initial state probabilities are as follows.

@(OF = 5 (2.6)
axO)P = (2.68)
las(0)]> =0 (2.69)
aO)P = (270)

From Eq. 2.59, the state amplitudes a;(t) and a3(t) are expressed as follows.

a(t) = 5Vl (1) + o () (2.71)
(1) = 5v3la (1) — (1) (2.72)

Figure 2-6 shows calculated state probabilities |a|?, |az|?, |a_|?, and |a4]?.
Figure 2-7 shows calculated state probabilities |a|?, |az|?, |as|?, and |a4|*.
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Figure 2-6: State probabilities |ay|?, |as2|?, |a_|?, and |a4|*>. Red line represents
lay|? = |ag|?, green one represents |a_|?, and blue one represents |a4|?>. The mi-
crowave frequency detuning was set to zero and the microwave power parameter |b|
was set to 800 kHz.

2.4.3 Muon polarization

The muon spin polarization equals to the expectation value of the muon spin operator

1

- 10 terms of the state amplitudes and the spin eigenfunctions

P.(t) = (U(1) 21,1 () (2.73)

4
=3 atay(x; 2L e

ij=1

where W is the time dependent muonium states in eq. 2.49 and y is the spin eigen-

function as in Table 2.3.

The muon spin operator I,,, has eigenvalue +1/2 as follows.

1
oloae) = Slagac) (2.74)

L|Buae) = ——|5MOZ@> (2.75)

41



3‘ 0.6
= — |a4l2
:§ ok al
o
e . — |az|?
] 4 i
= 2
E a3
0.3 s a4 2
0.2}
0.1

i : |
6000 8000 10000 12000
Time (ns)

AT ] i
0 2000 4000

Figure 2-7: Muonium state probabilities |a|?, |as|?, |as|?, and |a4]?. Black line repre-
sents |a;|?, red one represents |as|?, green one represents |az|?, and blue one represents
las|?. The microwave frequency detuning was set to zero and the microwave power
parameter |b| was set to 800 kHz.

For zero magnetic field case, the muon spin polarization is as follows.
P.(t) = |a1|* — |as)® + abase™**" + ajage " (2.76)

Since the muon decay rate v ~ 455 kHz is relatively small to the HF'S resonance
frequency wey =~ 4463 MHz, the cross product terms in Eq. 2.76 are negligible.

Therefore, the muon spin polarization becomes

P.(t) = |a1[* — |as|” (2.77)
= 2Rela’ (t)a_ (1)
* (0)e—TtFi't/2 It o . Tt —i2v2b Tt
= 2Re{a’ (0)e™” x [a—(0)(cos o T T Sy + as(0)( r o ?)]}

In Eq. 2.77, b is time dependent oscillating microwave field. To obtain the muon
spin polarization which corresponds to an ensemble of muons, the term linear in b

does not contribute because of averaging over the arbitrary initial phases. Hence, the
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muon spin polarization is represented as follows

o r W’ r
P.(t) = 2Re{a’ (0)e "2 x [a_(0)(cos ?t - 2% sin ?t]} (2.78)

1{ A L Ft} oyt
— —71€C0S — COS — — S1Il —— SIIl — € .
4 2 2 T 2 2

To discuss the time dependent muon spin flip signal which is observed in the
experiment, the muon polarization in Eq. 2.78 is generalized for the arbitrary initial

polarization by taking the ensemble average of muons.

The density matrix for the muon spin is

1 1+ P 0

pu=73 (2.79)
0 1-P

where P is the z-component of the initial polarization. The atomic electrons are

unpolarized, so the density matrix for the electrons is

pe (2.80)

From these matrices, the density matrix of muonium at time zero is obtained as

follows

1+P 0 0 0

pal0) = . (2.81)
0 0O 1—-P O
0 P 0 1

The matrix element of py,(0) equals to the ensemble average of the state amplitudes

as follows

pij(0) = (a; (0)a;(0)). (2.82)
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Then, the ensemble average of muon spin polarization is

P "t I't ! 't I't
(P,(t)) = Z{COS % cos - + % sin % sin ?}e_% (2.83)
P T ! r—uo - r !
:Z{ —;w cos 2wt—|— Fw cos zwt}evt.

2.4.4 Time dependent spin flip signal

The ensemble average of muon spin polarization is proportional to the number of
decay positron detection. The time integral of the muon spin polarization gives the

theoretical expression of the muonium resonance lineshape.

Time dependent spin flip signal is a periodic function of the microwave power
and the frequency detuning. In the experiment, both microwave field and muonium
density have spacial dependence. Hence, the signal actually observed is weighted sum-
mation of the muon spin polarization with the particular value of microwave power.
Figure 2-8 shows calculated time dependent spin flip signals at several microwave
frequencies with fixed microwave power. The red line corresponds to the result at
resonance, the green and blue ones show that with 500 kHz and 1000 kHz detuned
frequencies. When microwave frequency is tuned at the muonium HFS resonance,
the spin flip signal is described in a simple sine function. On the other hand, the

spectrum with detuned microwave frequency has a complicated dependence.

Figure 2-9 represents calculated spin flip signal at the muonium HFS resonance
frequency with several values of microwave power. Each line corresponds to 800 kHz
(red), 400 kHz (green), and 1200 kHz (blue) of the microwave power parameter |b|,
respectively. Figure 2-10 represents the signal at a detuned microwave frequency
of 1000 kHz from the HFS resonance. For a case of detuned frequency, the time
dependent signal shows the complicated behaviors. However, the first peak of the
signal is dominated by a component which corresponds to the highest strength of the

microwave field.
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Figure 2-8: Time dependent signal of muonium spin flip. Red, green, and blue lines
correspond to the microwave frequency detuning of zero, 500 kHz, and 1000 kHz,
respectively. The microwave power parameter |b| was set 800 kHz.

2.4.5 Muon decay positron

The parity violating muon decay causes the correlation between the decay positron

energy and the muon spin direction. The distribution of muon decay positron is
N(y, 0, t)dydQ = QIyQ((s — 2y) + (2y — 1) Poo(t) cos 0] e dyd<) (2.84)
s

where y is the positron energy normalized by its maximum of 52.8 MeV, 6 is the
polar angle with respect to the z-axis. The muon decay asymmetry is defined as the
degree of correlation between positron momentum and muon spin direction. Figure
2-11 represents the positron energy spectrum and the asymmetry as a function of
the normalized positron energy. Low energy positron negatively contributes to the

angular asymmetry and the sensitivity to the muon spin direction.

When energy threshold vy, is set, the decay positron spectrum is described as
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Figure 2-9: Time dependent spin flip signal at the resonance. Red, green, and blue
lines correspond to the microwave power parameter |b| of 800 kHz, 400 kHz, and 1200
kHz, respectively. The microwave frequency detuning was set to zero.

follows
1
N(yo,0,t)dQ = / Ny, 0,t)dydS (2.85)
Yo
- %[Al (y0) + Az(yo) P.(t) cos Ole " dQ)
- %Al@o)[l + a(yo) P.(t) cos fle "' dS
where
1 2
As(yo) = 37 (yé — gyg) (2.87)
A
) = Aigzz; (2.88)

Figure 2-12 shows the integrated positron asymmetry as a function of the en-
ergy threshold. A higher energy threshold gives a large angular asymmetry and less
statistics. The angular distribution of the decay positron for several values of the
energy threshold is shown in 2-13. An appropriate energy threshold around 40 MeV

is effective to enhance the signal sensitivity and suppress the positron counting rate.
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Figure 2-10: Time dependent spin flip signal at the resonance. Red, green, and blue
lines correspond to the microwave power parameter |b| of 800 kHz, 400 kHz, and 1200
kHz, respectively. The microwave frequency detuning was set to 1000 kHz.

2.4.6 Resonance lineshape

The resonance lineshape is obtained from the time integration of muon spin flip
signal. It corresponds to the positron counting difference with and without microwave
magnetic field. The number of detected positrons with the microwave resonance in a
finite interval (¢1, to) is denoted as Non(vo, 0, t1,t2) where yq is the energy threshold
and 6 is the polar angle with respect to the z-axis. Similarly, the number of detected
positrons without the microwave resonance is denoted as Nopr(o, 0, t1,t2). The time

integrated muon spin flip signal S is defined as follows

Nox — Norr
9= ~ 2" 2.89
Norr (289)
_ Nox ]
Norr '

The calculation of the positron counting ratio is effective to suppress time dependent
systematic uncertainties. Most of chronological changes in measurement environment
are canceled in the leading order of contribution. In the experiment, switching of
microwave output was performed in every minute. Therefore, temporal variations

with a time-scale of longer than minutes are highly suppressed.
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Figure 2-11: Positron angular asymmetry as a function of the energy E. Black, red,
and blue lines correspond to the normalized number of positron, the muon decay
asymmetry, and the weighted asymmetry as the product of the number and the
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Figure 2-12: Positron angular asymmetry as a function of the energy threshold Ejy,.
Black, red, and blue lines correspond to the normalized number of positron, the muon
decay asymmetry, and the figure of merit defined as the product of the number and
square of the asymmetry.
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Figure 2-13: Angular distribution of the decay positron emission. The radial axis
indicates relative positron yield while the angular axis indicates positron emission
angle. Red, green, and blue lines correspond to 52 MeV, 39 MeV, and 0 MeV of the

energy threshold, respectively.

The differential signal for a resonance lineshape is defined as follows

_a(y)yP fttf F;}wl cos F;“lt + F;ff/ cos Fgwlt — 1} cos e~ 'dt

= 2.90
2 :12(1 + 2L cosf)edt (2.90)
WolP s
- a2( )P L(‘b|27w/7t17t2)
1+ £~ cos0)
in which L is the microwave dependency term

LR oty t) = —— o)

Wty b2 _@'Ytl_e*’th .

PYeW I+ T —uwt T — W't
T (F_w,)2+4’y2{(f‘—w)sm — 27y cos 5 }

F-u I'+uw't '+ uw't ]

r ") si —9 L

+(P+w')2+472{( + ') sin — v 008 — }+7 .

Time integration of dS gives the total signal

B a(y())P r COS T
o 2 [ p(r)[[5(1 + 290 cos0)d0d] dr /V”( )L(/D 0dSd)d (2.92)
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where p(r) is the spacial distribution of muonium, V' is the volume of the microwave

cavity, d7 is the volume element, and D is the area of the positron detector.

The integration of the microwave term L over the infinite interval (0, co) makes

the resonance lineshape Lorentzian form as follows

—2[b(v* + 2[b]*)

L(|b|%, &' = .
(| | , w0, OO) (72+2|b|2)2—|—v2w’2

(2.93)

Figure 2-14 shows calculated resonance lineshapes for several values of the microwave
power. Red line corresponds to a lineshape with |b] = 800 kHz. Green and blue ones

correspond to |b| = 400 kHz and [b] = 1200 kHz, respectively. The full width at half
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Figure 2-14: Resonance lineshapes of the muonium HFS. Red, green, blue lines cor-
respond to the microwave power parameter |b| of 800 kHz, 400 kHz, and 1200 kHz,
respectively.

maximum (FWHM) of the resonance lineshape is

2 2
Aw = M (2.94)
g

In the zero microwave power limit, the FWHM equals to the natural line width of

145 kHz. The other term of 2|b>/v represents a contribution of power broadening
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effect. The peak height of the resonance lineshape is

2Jbf*

Shax = 5775 -
SREEE

(2.95)
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Chapter 3

Experimental Overview

This chapter describes overview of the experiment and the apparatus except for par-

ticle detectors. The details of the detectors are described in the following chapters.

3.1 The experimental principle

Figure 3-1 presents the schematic of the experimental apparatus. Spin polarized
pulsed muon beam is irradiated to a gas chamber filled with krypton gas. A two-
dimensional fiber hodoscope for muon detection is placed in front of the gas chamber
to measure the profile and the intensity of the incident muon beam. An injected
muon loses its kinetic energy and forms a muonium via an electron capture from
krypton atom. A cylindrical microwave cavity is placed inside of the gas chamber.
It generates TM110 mode of a microwave resonance at the frequency of 4.463 GHz
and induces the muonium HF'S transition. The state transition causes a muon spin
flip as a function of time. A positron is emitted by parity violating decay of muon
and its emission angle is correlated to the muon spin direction. Spectroscopy of the
muonium HFS is performed by a measurement of microwave frequency dependence
of the number of decay positron from muonium decay. Positron is detected by two
layers of segmented scintillation counter. Detectors are placed in the downstream of

the target gas chamber.
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Figure 3-1: Experimental schematic of muonium HFS spectroscopy. Spin polarized
pulsed muon beam is irradiated to Kr gas target. Muonium forms by an electron
capture from Kr atom. The muonium HFS transition occurs due to the microwave
resonance in the cylindrical cavity. Positrons from muonium decay are detected by
the positron counter placed behind the gas chamber.

3.2 High-intensity pulsed muon beam

The experiment was performed at the D2 beamline of MUSE facility [48]. Muons
are produced by pulsed proton beam irradiation on a graphite target. At J-PARC,
protons are produced by charge exchange reaction of hydrogen negative ions from a
tungsten filament. Negative hydrogen ions are accelerated to 400 MeV by the linear
accelerators. Accelerated hydrogen ions are injected to Rapid Cycle Synchrotron
(RCS) and converted to protons by a carbon charge stripping film. Protons are
accelerated to 3 GeV and delivered to the target station at MLF [47]. A repetition
cycle is 25 Hz and typical proton beam intensity is 20 tera proton per second at 200
kW of RCS operation power. The beam has double or single pulse structure width a
FWHM of 100 ns. In the double pulse mode, two bunches have an interval of 600 ns.

At the muon target station of MLF, a rotating graphite disk is placed as a muon
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production target [50] . A charged pion is produced by the reaction as follows
p+C—rt+X (3.1)

Parity violating decay of a pion produces a spin polarized muon. This process is
two-body decay so that the muon has monochromatic kinetic energy of 4.08 MeV.
Only muons generated in the vicinity of the target surface are able to escape to the
vacuum. As of 2016, five beamline branches had been constructed. D1 and D2 lines
are multipurpose beam lines for both particle physics and material science [49]. Figure
3-2 shows the structure of D2 beamline. It has a long superconducting solenoid, a
Wien filter for positron separation, two sets of movable slits, three bending magnets,
and four sets of quadrupole magnet triplets. Acceptance of the beamline is 50 mSr
[48]. Typical muon beam intensity is 3 million muons per second at beam of 200 kW

power.

3.3 Experimental area

Figure 3-3 displays a drawing of D2 experimental area. The experimental area has
the reinforced baseplate for apparatus mounting, the wall made of stainless steel as

a beam dump.

3.3.1 Magnetic field in the experimental area

To perform the experiment with high precision, a static magnetic field in the muonium
formation volume should be uniform and close to zero. As a preliminary investigation,
magnetic field distribution in the experimental area was measured by using a three-
axis fluxgate magnetometer. The details of the magnetometer is discussed in the
following section. Figure 3-4 shows measured static magnetic field on the beam axis.
The strength of a static magnetic field in the experimental area was generally higher
than typical geomagnetism of approximately 50 pT. Hence, the measurement result

suggests additional sources of magnetic field around the muonium formation volume.
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Figure 3-2: Layout of D2 muon beamline at MLF second experimental hall. The
pulsed proton beam from RCS is irradiated on the graphite muon production target.
Muons from pion decay are transported through the beamline consisting three bending
magnets and four sets of quadruple magnet triplets. The Wien filter and the movable
slits are utilized for the suppression of beam-associated background.

Further survey revealed that major sources of the magnetic field in the experimental

area were the beamline components, and the reinforcement base plate.

By taking a difference in the result where beamline magnets were excited or not,
a stray field from the beamline was extracted. Figure 3-5 represents the measured
stray field on the beam axis. Even though the apparatus is surrounded by a magnetic
shield, magnetic flux on the beam axis is less suppressed because an opening aperture
is necessary for muon beam passing. Stray field from a magnet becomes weak as
the distance from the magnet increases. Therefore, in order to reduce an influence
of stray field from the beamline magnets, an extension of beam duct was developed
and placed between the original beam duct and the apparatus. The extended beam
duct was placed to minimize the beam loss. In the end of the extended beam duct, a

kapton beam window with 75 pm of thickness was placed.
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Figure 3-3: Floor plan of D2 experimental area. The focusing point of the muon beam
is located 800 mm downstream from the last Q-triplet. The apparatus is placed on
the base plate which is three meters squared.

The energy levels of muonium depend on a magnetic field which muonium feels.
In the experiement, only the transitions |1) <> |4) and |3) <> |4) can be observed.
According to a calculation based on the Breit equation [13], each transition frequency
shifts by 14 Hz per nT in opposite directions. This systematic effect broadens the res-
onance lineshape. This systematic effect on the resonance measurement is discussed
in Chapter 4. When static magnetic field is less than 200 nT in the entire microwave

cavity volume, systematic uncertainty depending on a static field is negligible.
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Figure 3-4: Static magnetic field in the experimental area along the beam axis. Red
and black circles represent the magnetic field strengths with and without magnet
excitation, respectively. Inside of the microwave cavity is indicated by the arrow.

3.4 Magnetic shield

In order to suppress the stray magnetic field in the muonium formation volume, the
apparatus was enclosed with a magnetic shield box which made of permalloy; an
alloy of nickel and iron [51]. Permalloy has high magnetic permeability and absorbs
a magnetic flux from external sources. To enhance the initial permeability, a heat
treatment and addition of non-ferromagnetic elements such as copper or molybdenum
are highly effective. Typical relative permeability of permalloy after heat treatment

is higher than 20,000 [52].

3.4.1 Designing of a magnetic shield

The shield was designed based on the results of a stray field analysis by a finite element
method. It comprises a three-layered permalloy box where the layer thickness is 1.5

mm and interlayer distance is 50 mm. Figure 3-6 depicts the drawings of the magnetic
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Figure 3-5: Stray field from the beamline along the beam axis. Inside of the microwave
cavity, the strength of the stray field between 0.5 4T and 1.5 pT was observed.

shield. Front panels of the shield are divided into the upper and the lower parts where
the extended beam duct is installed. In order to minimize magnetic field sources in the
shield, material of major metal contents was limited to aluminium, copper, titanium,

or austenitic stainless steel (SUS316L).

Figure 3-7 shows simulated magnetic field distribution in the magnetic shield
which was designed as described above. The permeability of permalloy was assumed
as 12,000. The upper two figures show projected magnetic field strengths at the center
of microwave cavity. The lower two figures show field strengths on the beam axis.
The z-direction is parallel to the beam axis (the longitudinal axis). A contribution
of the z-component of magnetic field is less significant, so the magnetic flux flowing

from the apertures on the backplane is no matter of concern.
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Figure 3-6: Drawings of the magnetic shield: (left) a cross-sectional drawing; (right)
a backplane drawing. The magnetic shield consists of a permalloy box having a three-
layered structure. The shield has opening apertures for the beam duct, cables for the
detector and microwave, and insertion of the magnetometer.

3.4.2 Performance of the magnetic shield

To evaluate the performance of the magnetic shield, the static magnetic field dis-
tribution in the shield was measured by using a fluxgate magnetometer. Figure 3-8
shows measured static magnetic field along the beam axis. Black circles indicates a
result without magnetic shield, and red ones indicate a result with magnetic shield.
The magnetic shield suppressed a static magnetic field in one thousandth approx-
imately. In the entire cavity region, magnetic field strength was less than 100 nT
and sufficiently close to zero. Figure 3-9 shows a two-dimensional distribution of
measured magnetic field at the center of the microwave cavity. The rotating and ec-
centric magnetometer helps to find a local magnetization and room to improvement.
Asymmetric distribution of the field strength suggests an existence of magnetized

component around the microwave cavity.
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Figure 3-7: Remnant of the magnetic field inside of the shield simulated by a finite
element method: (upper left) magnetic field strength on the horizontal axis; (upper
right) field strength on the vertical axis; (bottom left) field strength on the longitu-
dinal axis; (bottom right) each component of the magnetic field on the longitudinal
axis. Red, green, and blue circles correspond to the horizontal, vertical, and longitu-
dinal components, respectively. The muon beam is injected to a positive direction on
the beam axis.

3.5 Magnetometer

The magnetic field strength is measured by a high-precision fluxgate magnetometer
(MTT FM3500) with a resolution of 0.5 nT. The magnetometer consists of three sets
of a field probe which is described in the following part of this section. Magnetic field

measurement, was performed before and after the spectroscopy measurement.

3.5.1 Principle of a fluxgate magnetometer

A fluxgate magnetometer utilizes non-linear response of soft magnetic material. Fig-

ure 3-10 illustrates the schematic of a parallel-type fluxgate magnetometer. The
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Figure 3-8: Magnetic field strength on the longitudinal axis. Red and black circles
correspond to the field strengths with and without shielding, respectively. The muon
beam is injected to a positive direction on the axis.

principle of a fluxgate magnetometer is represented in Fig. 3-11. When a modulation
field is applied to the first coil (modulation coil), magnetization of the core oscillates
and it generates an induction voltage. The second coil (detection coil) detects this
induction voltage as indicated by a green solid line in the Figure 3-10. In a pres-
ence of external magnetic field, the oscillating voltage becomes asymmetric as a red
dashed line in the same figure. This asymmetry contains information of external
field strength as the second harmonics of a modulation signal. The detection module
consists of a voltmeter with a filter circuit to extract a second harmonics component

from the output.

3.5.2 Moving rod for the magnetometer

To measure magnetic field distribution in the magnetic shield, a movable rod for the
fluxgate magnetometer was developed. Figure 3-12 illustrates the movable rod and
the fluxgate magnetometer. The rod rotates and translates to move the field probe

inside the magnetic shield.
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Figure 3-9: Magnetic field distribution at the longitudinal center of the microwave
cavity.

Alignment of the probe dominates the uncertainty of the field measurement. In
order to optimize a design variable of the moving rod, its vertical displacement against
the load by probe was estimated by using an analytic model of flexibility. Figure 3-13
shows calculated displacement as a function of wall thickness of an aluminum pipe.
The optimum thickness of the pipe was determined to be 2 mm and the maximum
displacement of the probe was estimated to be 0.35 mm. This maximum displacement

is small enough for the measurement.

3.6 Gas chamber

A gas chamber was developed to fill a gas target for muonium production. Figure
3-14 is a drawing of the gas chamber. It is a cylindrical vessel made of aluminum
with the longitudinal length of 450 mm and the inner diameter of 280 mm. The
upstream flange has a thin aluminum beam window with thickness of 100 pym and

diameter of 100 mm. The downstream flange has a thin part with thickness of 10 mm
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Figure 3-10: Schematic of a parallel fluxgate magnetometer. It consists of a core of
soft magnetic material, a modulation coil, and a detection coil. A sinusoidal current
flows through the modulation coil and the core is excited.

and diameter of 180 mm for a decay positron to pass through. A beam window was

designed to withstand a pressure difference of 1.5 atm or below.

3.6.1 Gas target

Muonium formation in low pressure gases was studied by D. G. Fleming et al. [54].

The energy threshold of muonium formation via electron capture is

Eth = E](G&S) - E](Mu) (32)

where E7(Gas) is the ionization potential of gas and E;(Mu) is the binding energy of
muonium (13.54 MeV). When the threshold energy Ey, is negative, muonium forms
energetically. Table 3.1 summarizes the threshold energy and efficiency of muonium
formation in a gas target. Krypton provides high production efficiency and low energy
of muonium. As a muonium production target in the experiment, high-purity krypton

gas was filled in the gas chamber. It has the research grade purity of 99.999 %. Major
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Figure 3-11: Principle of fluxgate magnetometer: (left) magnetization curve of the
core; (right) output signal from the detection coil. In a presence of an external
magnetic field Hey, the core is magnetized. The magnetization of the core oscillates
when an oscillating current is applied to the modulation coil. Output signal from
the detection coil contains a second order harmonic component which depends on the
nonlinear response of the core magnetization.

impurities are Xenon and Argon as the residues in a purification process.

3.7 Gas handling system

Figure 3-15 illustrates a diagram of gas handling system. A scroll pump and turbo
molecular pump (TMP) were utilized for evacuation. Degree of vacuum was moni-
tored by a combination of crystal and cold cathode gauge (TOEL CC10). When the
pressure is 0.6 Pa or less, cold cathode gauge is operated. Gas pressure was measured
by a capacitance gauge (ANELVA M-342DG) with a precision of 0.2% at 300 K.
Before filling the target gas, the gas chamber was heated to bake for removal of
impurities. Major expected impurity was the water vapor emitted from the chamber
wall and microwave components. The gas chamber was baked for 24 hours continu-
ously at baking temperature of 380 K. Partial pressures of impurities was measured

by a quadrupole type mass spectrometer (mks Microvision2).

3.7.1 Degradation in the degree of vacuum

Figure 3-16 shows measured degree of vacuum as a function of elapsed time from

chamber containment. Increase in internal pressure was caused by outgas and vac-

65



magnetic shield

probe holder for on axis probe holder for on cylinder sprfage

i - —
/) )|
= N/

Al |
L o L_;7._4;_.
=) 1 |
‘
1l magnetic probe ‘ b )
BEs &, £
T S Y
q S
[mitegi

Figure 3-12: Movable rod for the fluxgate magnetometer. The field probe is attached
on the edge of an aluminum pipe with the length of 1 m. Two types of attachments
were developed to measure the magnetic field both on the longitudinal axis and on
the cylindrical surface away from the longitudinal axis. The eccentric distance is
selectable from 8 mm or 16 mm.

uum leakage. A rate of pressure increase was evaluated by linear fitting of data points
after the gauge switching. Obtained rate was 2 x 1072 Pa per minutes. To estimate
systematic effect caused by this outgas or vacuum leakage, gas component was ana-
lyzed by a quadrupole mass spectrometer as discussed in the following part in this

section.

3.7.2 Gas purity measurement

Partial pressures of gas component were measured by using quadrupole mass spec-
trometer. After the pressures reached equilibrium, the content of each impurity was
relatively evaluated. Figure 3-17 shows relative pressures for each mass number. Wa-
ter vapor is a dominant component of the adsorption gas. Nitrogen originates mainly
from inflow of the atmospheric air due to vacuum leakage. Carbon dioxide is mostly
from stored gas in the inner wall of the gas chamber. According to the atmospheric
composition and measured ratio of nitrogen and carbon dioxide, a putative cause of
pressure increase is outgas. Oxygen and nitrogen oxide may cause depolarization of

the muon spin by spin exchange interaction. Systematic effect by these magnetic
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Figure 3-13: Calculated vertical displacement of a fluxgate probe. Red circles indicate
a contribution from the pipe itself, green ones indicate a contribution from the probe,
and blue ones indicate the total displacement of the probe.

molecules are discussed in the folliwing chapters.

3.8 Microwave cavity

To causing microwave resonance for a muonium state transition, a microwave cavity
was developed. It is a cylindrical resonator made of oxygen-free copper. Figure 3-18
shows a drawing of the microwave cavity. The cavity has longitudinal length of 230
mm and inner diameter of 81.8 mm. The front and rear flange have copper thin films
with thickness of 20 pm. To improve the resonator characteristics, inner wall of the

cavity was electropolished.

3.8.1 Microwave resonance in a cylindrical cavity

The muonium transition probability is proportional to the strength of microwave field.
The microwave field component which is perpendicular to the muon spin direction

contributes to a muonium spin flip. TM,,,0 modes of the microwave are suitable for
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Figure 3-14: Drawing of the gas chamber: (left) view from upstream; (center) cross-
sectional view; (right) view from downstream. On the front and rear flanges, thin
windows for passing the beam and decay positron are located. Small ports were
utilized for target gas injection, vacuum evacuation, microwave input/output, and
cavity tuning.

the experiment since no position dependence along the longitudinal axis is desirable.

The resonance frequencies of TM,,,,,0 modes are

oo = e (L 33)

n,

where ¢ is the speed of the light, n, is the reflective index of the medium, R is the
cavity radius, d is the cavity length, and j,,, is the n-th zero of m-th order Bessel
function. For the experiment at zero magnetic field, axial length and radius of a
microwave cavity are decided so as to its resonance frequency equals to muonium
HFS interval of 4.463 GHz. Furthermore, no other resonance modes should be in the

vicinity of frequency sweeping region.

The general expression of TM,,,,,0 mode in the cylindrical cavity is derived from
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Table 3.1: Threshold energy and efficiency of muonium formation in gases [54].
Threshold energy was calculated by a difference between the ionization potential
of each gas and the binding energy of muonium. Production efficiency of muonium
was measured by an amplitude of muonium spin precession in a magnetic field.

Gas Threshold energy (eV) Efficiency (percent)

He 10.96 0
Ne 8.06 6£5
Ar 2.26 T74+4
Kr 0.46 1005
Xe -1.44 10044
No -2.06 84+4

the Maxwell equations with particular boundary conditions.

Jwem o Jmnl

H,=-A 2 7Jm( I sinm#) (3.4)

JWE Jmn 51 JmnT
Hy=-A iR J( B cos mb)) (3.5)
H, =0 (3.6)

where wep = k2 + 5% = (jan)z + (2—2)2, g = A is the normalization constant, w is

n?

the microwave resonance frequency.

The maximum field strength of TM;;9 mode depends on the power consumption
and the cavity quality factor as follows [55].
VQpoBa

By = 3.7
0 \/majo(jn)’ﬂ'2 ( )

(3.8)

where @) is the cavity quality factor, g is the magnetic permeability of vacuum, Pgq
is the power consumption. Figure 3-19 shows the microwave field distribution using
design values of the microwave cavity with a radius of 41 mm and a length of 230

mim.
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Figure 3-15: Diagram of the gas system. The target gas was injected into the gas
chamber via a needle valve. SP and TMP indicate a scroll pump and a turbo molecular
pump, respectively. During the spectroscopy measurement, the target gas was sealed
and the pressure was monitored by using a capacitance gauge.

3.9 Microwave system

Figure 3-20 illustrates a diagram of microwave system. Microwave signal is gen-
erated by a synthesized continuous wave generator (Hewlett-Packard 8671B). The
signal is divided into two lines and amplified by two coaxial amplifiers (Mini Circuit
ZVE-8G) connected in parallel. The divided signal is merged and transmitted to
an input magnetic loop antenna attached to the microwave cavity. To minimize the
transmission loss of microwave, high performance coaxial cables (HUBER+SUHNER
SUCOFLEX100) and receptacles (HUBER+SUHNER 23-SMA-50-0-1) were adopted.

A magnetic loop antenna resonates when its loop length equals to the integer
multiple of the microwave wavelength. In the case of microwave radiation with the
frequency of 4463 MHz, the input antenna was designed as a single circular loop
with the diameter of 11 mm. It is empirically known that a loop length of the
antenna should be sightly shorter than a value derived from the calculation. This

is due to the wavelength shortening depending on a finite thickness of wire. In the
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Figure 3-16: Measured degree of vacuum as a function of elapsed time. Red line
indicates the fitting result using a linear function. The inflection point at 60 minute
corresponds to a switching of the pressure gauge from a crystal gauge to a cold cathode

one.

opposite side of the input antenna, a small loop antenna with the diameter of 4 mm
for microwave power monitoring was placed. A pickup antenna should be minimized
to avoid deformation of microwave magnetic field in the cavity. The signal from the
pickup antenna is monitored by the microwave power meters (Giga-tronics 8541C and

Rohde&Schwarz NRP-Z51).

A resonance frequency of the microwave cavity is tuned by an aluminum tuning
bar with a piezoelectric actuator (attocube ANPz101eXT12). This actuator was
remotely controlled by a motion controller (attocube ANC350). The piezo positioner
has the resolution of sub-nm and the travel range of 12 mm. A conductive tuning bar

increases the resonance frequency when it is inserted.
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Figure 3-17: Measured gas impurities in the target chamber. Mass number of 18, 28
and 44 indicate water vapor (H20), nitrogen molecule (N5), and carbon dioxide (CO5),
respectively. Mass number of 16 and 17 most likely correspond to the fragments of
H->O molecule.

3.9.1 Performance evaluation of the microwave cavity

Frequency characteristics of the microwave device is described by four S-parameters as
the elements of a response characteristic matrix. Figure 3-21 illustrates a schematic
of frequency characteristics analysis. Sj; and S are the ratio of reflected signal
and input signal. Sy; and Si, are the ratio of transmitted signal and input signal.
Summation of the signal transmission and the power loss in a device equals to input
signal minus the signal reflection. To evaluate the microwave resonator, S1; parameter
is of importance because it is necessary to estimate the power consumption in the
cavity. Each S-parameter was evaluated by a vector network analyzer (Keysight

Technologies E5072A-285).

Figure 3-22 shows a resonant absorption spectrum when the microwave at the
frequency of 4463.3 MHz is applied. The ordinate indicates S;; parameter, namely,
the reflecting parts of the microwave. When S;; parameter equals to one, the signal

is completely reflected.
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Figure 3-18: Drawing of the microwave cavity: (left) front view; (center) cross-
sectional view; (right) cutaway view at the ports. On the front and rear flange,
the thin copper foils for particle passing are placed.

The spectrum was fitted to the pseudo-Voigt function [56]

2'l,U \/41112 —LIEQ(CE—Z‘C)Q

y(z) = Almy, @ —2) + 0 +(1— mu)W‘f

|+azx+b (3.9)
where m,, is the shape parameter, x. is the resonance frequency, A is the area of the
spectrum, w is the width of the resonance line. The coefficients a and b describe
a background function which depends on the characteristics of transmission circuit

including cables and antenna.

A quality value; an evaluation index for the microwave resonator is defined as

Ze

and obtained from fitting parameters in Eq. 3.9. In Fig. 3-22 case, the quality value
was estimated to be 11794 + 62. The uncertainty is dominated by fitting uncertainty

of the resonance width.

Characteristics of the microwave cavity depends on signal frequency. Therefore, to
compare the muonium transition probabilities in different microwave frequencies, it is
necessary to correct the frequency dependence of microwave magnetic field strength.

This systematic effect is corrected by a factor of Q(1 — Sy;) relatively. The details
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Figure 3-19: Calculated microwave field of TM;;9 mode. The microwave power of 3
W and the cavity quality value of 10,000 were assumed.

of microwave dependent systematics and data corrections are discussed in Chapter 9.
Figure 3-23 shows the measured cavity quality value as a function of the resonance
frequency.

Figure 3-24 shows measured microwave transmission efficiency which is defined as
1 — S1; at the input signal frequency center.

Figure 3-25 shows a result of frequency tuning by using the piezo positioner. A red
solid line indicates an expected frequency of the muonium HFS transition. Dashed
lines indicate target scanning region of microwave frequency. The tunability of the
resonator is sufficient to scan the microwave frequency from one end to the other of

the resonance lineshape.

3.9.2 Demagnetization of the microwave cavity

During apparatus installation, magnetization of every components in the magnetic
shield was surveyed by the magnetometer. Major magnetized components were the

screws for flanges and the microwave cavity including the support structure. Magne-
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Figure 3-20: Diagram of the microwave system. The microwave is generated by the
signal generator which is denoted as SG. The signal is amplified by the parallelized
amplifiers and applied to the cavity via the magnetic loop antenna. The resonance
condition of the cavity was tuned by the piezo positioner. The stored microwave
energy was monitored by the small pickup antenna and the thermal power sensor.

tized screws were replaced and the cavity was demagnetized by an attenuating AC
current. Figure 3-26 illustrates the principle of AC demagnetization. A coil generates
magnetic field to magnetize an object. When an alternative current reduces gradually,
magnetization of the object approaches to zero.

A sequence of demagnetization was as follows; the amplitude of AC current was
increased to 10 A and decreased to 0 A in fifteen seconds. After three iterations
of magnetization, most of local magnetized parts were disappeared. Figure 3-27
shows a comparison of magnetization survey result before and after demagnetiza-
tion. Magnetization was measured along the outer surface of the cavity by a fluxgate

magnetometer.

3.10 Data acquisition system

A data acquisition (DAQ) trigger is generated from a proton beam kicking pulse at
a rate of 25 Hz. The trigger is a coincident logic signal which is bitwise AND of
RCS kicker synchronized pulse, MLF beam monitor output, and DAQ state signal.
RCS kicker signal indicates a beam pulse injection from RCS to 3NBT; the tunnel

connecting to MLF. MLF beam monitor measures a proton beam current and it
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Figure 3-21: Schematic of frequency characteristics measurement by using a vector
network analyzer. The phase and the amplitude of reflected wave and transmitted
wave were measured.

provides a signal indicates beam arrival. The data taking trigger is distributed to
each readout electronics as a common start of a time-to-digital converter (TDC).
DAQ state signal indicates the readiness of each FPGA on the readout electronics.
To avoid event number mismatch between data acquisition electronics, DAQ readiness
signal is required for the trigger signal distribution.

To divide and supply a trigger pulse for each data acquisition electronics, a trigger
distributor was developed. Figure 3-29 shows a drawing of the trigger distributor.
Timing jitter of the trigger signal was evaluated to be less than 2 ns.

For collecting measurement data, a C++ applications software was developed.
Online monitors were implemented on the DAQ framework to confirm the sound-
ness of the detector in operation. Outputs from the magnetometer, the gas pressure
gauges, and the microwave power meter were recorded by an application based on

Labview by National Instruments [57|.
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Figure 3-22: Microwave resonance at 4463.3 MHz of the microwave frequency. Fitting
was performed by the pseudo-Voigt function to evaluate the cavity quality value. Red
line represents the fitting result.
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linewidth.
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Figure 3-24: Frequency dependence of the maximum microwave transmission at signal
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Figure 3-26: Principle of demagnetization. An attenuating current makes the magne-
tization of the object smaller. The residual magnetism after demagnetization depends
on the resolution of current attenuation and coercive force of the material.
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Figure 3-27: Demagnetization of the microwave cavity. Black and red circles represent
the cavity magnetization before and after the demagnetization process, respectively.
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Figure 3-28: Diagram of the data acquisition system. Two-types of the accelerator
synchronized pulses at a rate of 25 Hz were utilized to generate the data taking trigger.
The signal from the readout electronics indicating the FPGA readiness was added to
the trigger logic.
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Figure 3-29: Drawing of the trigger distributor. It contains 80 parallel signal lines
with equal-length wiring.
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Chapter 4

Simulation Study

This chapter describes simulation study for the experiment. The first half of the
chapter corresponds to a study for background estimation and apparatus designing.

The second half is for the estimation of signal intensity and systematic uncertainties.

4.1 Muon transportation

Muons are produced from a parity violating decay of pions. At MUSE facility of J-
PARC, a high-intensity pulsed proton beam is irradiated to a graphite-disk target for
muon production. In order to understand the muon beam profile at the experimental
area and to predict the beam related backgrounds, muon production on the target

and transportation through the beamline were simulated.

4.1.1 Beam profile

Simulation software was developed based on a particle tracking simulator G4beamline
[58]. The muon production target and beamline components for particle transporta-
tion were implemented with realistic models and parameters. Figure 4-1 shows sim-
ulated geometry of the beamline.

Figure 4-2 shows simulated muon beam profile at the focus of the beamline. Beam

optics was optimized for transportation of muons with the initial momentum of 29.8
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Figure 4-1: Simulated beamline geometry. The production target, the superconduct-
ing solenoid, the bending and focusing magnets, and the Wien filter were imple-
mented. The pulse kicker magnet is a beam distributing apparatus for simultaneous
operation of D1 and D2 beamline and not used in this simulation.

MeV /¢ which gives the maximum yield of spin polarized muon from the surface of the
production target. According to the result, transportation efficiency of the beamline

was estimated to be 1.7%.

Simulated beam profile was compared with measurement result obtained by an
imaging plate as shown in Fig. 4-3. The imaging plate contains a phosphor and reacts
with charged particles. In the measurement, an imaging plate was placed 60 mm away
from the beam duct edge and irradiated with the muon beam for ten seconds. The
left figure presents a vertical projection while the right figure presents a horizontal
one. Note that the measurement and simulated position was 40 cm upstream from

the beamline focus to avoid beam loss in the air. The simulated beam profile involves
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Figure 4-2: Simulated muon beam profile at the focusing point: (left) two-dimensional
profile; (center) horizontal projection; (right) vertical projection.

major features of measurement result.

asof—
300}~
250[—
200~
150[~
100}~

50—

PR 1 PR | T e Il PR
Y66 50 0 50 700 Y65 50 0 50 700

Vertical position (mm) Horizontal position (mm)

Figure 4-3: Comparison of measured (red) and simulated (black) muon beam profile
at the focusing point: (left) vertical projection; (right) horizontal projection.

Figure 4-4 shows simulated phase space of muon beam at the focus. In both fig-
ures, an ordinate corresponds to the ratio of momentum vector component in travel
direction and in perpendicular direction. The result suggests a slight correlation be-
tween spacial position and momentum direction of a particle. The spacial asymmetry
and parameter correlations of the beam are caused by the chromatic aberration. To
calculate muon stopping distribution in the krypton gas target, simulated beam profile

was utilized as input parameters.
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Figure 4-4: Simulated phase space of the muon beam at the focusing point: (left)
vertical profile; (right) horizontal profile. Px, Py, and Pz are the components of the
momentum vector in the horizontal, vertical, and longitudinal directions, respectively.

4.2 Beam related background

In this section, background sources from beamline are discussed. In the spectroscopy
measurement, the prompt and decay positrons produced in the beamline are major

sources of background.

4.2.1 Prompt positrons

At the muon production target, a number of positrons are produced concurrently
with muons when a proton beam pulse is irradiated. These prompt positrons have
similar timing distribution as primary proton beam. They arrive at the experimental
area prior to muons in narrow time width of 100 ns FWHM.

Prompt positrons incident to the positron detector and cause an instantaneous
large signal resulting in temporary paralyzation of readout electronics and overshoot
fake signal. To reduce prompt background, a Wien filter and movable slits were placed
in the beamline. Figure 4-5 illustrates the principle of a Wien filter. It provides an
orthogonal electric and magnetic fields to separate particles according to their velocity.

When a beam passes the Wien filter, particle receives an external force as

F =qFE +q(v x B) (4.1)
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where ¢ is the particle charge, v is the particle velocity, £ and B are electric and
magnetic fields respectively. When a magnetic field is applied to cancel the displace-
ment of particle due to the electric field, beam travels in the filter straightly. In the
case of an interest, a velocity of high-energy positron is almost the speed of light.
On the other hand, a muon moves through the beamline at the velocity of 8 m per
second corresponding to 28 MeV /c. Therefore, the optimization of the electric and
magnetic fields for muon passing leads to positron elimination. To avoid focusing
of positron after separation, the movable slits are placed between the filter and the

focusing magnet.

Electrode

Positron e*

Muon p*

Electron e-

Figure 4-5: Principle of a Wien filter. Intersecting electric and magnetic fields sepa-
rate the beam particle depending on its velocity.

To realize higher positron reduction efficiency, an applied high voltage should be
higher as long as the electrode operates stably. Figure 4-6 shows simulated positron
suppression and muon transmission as a function of magnetic field. The vertical axis
corresponds to the number of particle reached to the experimental area. Particles
were generated at the position of muon production target with the momentum of
29.8 MeV/c. Note that normalizations for muon and positron were arbitrary. There-
fore, the result provides relative evaluation based on a strength of magnetic field.

High voltage was set to 0.8 MV /m which is the highest avoiding discharge. A Wien
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Figure 4-6: Simulated positron and muon separation by the Wien filter. An optimum
of a magnetic field was determined to be 12 mT with an electric field of 0.8 MV /m.

filter acts as a spin rotator and causes muon spin depolarization. An optimum of a
magnetic field was 12 mT and estimated angle of muon spin inclination was 3 degree
on average. This systematic effect does not affects muonium spectroscopy because
initial spin polarization contributes only as an arbitrary scaling parameter in the

necessary asymmetry measurement.

4.2.2 Duct streaming positrons

During the beam transportation, the muon beam loss causes the decay positron pro-
duction in the beamline. These duct streaming positrons have the similar timing
distribution as signal positrons from muonium decay. Therefore, they are one of the
major sources of the beam related background.

Figure 4-7 shows simulated muon beam loss in the beamline. According to the
result, more than 80% of beam loss occurs before the last bending magnet which
determines momentum acceptance of the beamline. Then, only positrons which have

particular momenta are expected to be transported to the experimental area.
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Figure 4-7: Simulated muon beam loss along the beam trajectory central. A zero
point corresponds to the position of the muon production target.

Figure 4-8 shows simulated momentum distribution of the duct streaming positrons.
Initial momentum distribution was generated uniformly from zero to 52 MeV /¢, the
highest momentum of positron from muon decay at rest. Red line corresponds to a
momentum distribution in the experimental area. A green, blue, and brown lines cor-
respond to momentum distributions at the third, second, and first bending magnet.
Only positrons whose kinetic energy is less than 32 MeV /c are able to reach the exper-
imental area. On the other hand, momentum of decay positrons from the gas target
follows the Michel spectrum as shown in Fig. 2-11. Therefore, momentum threshold

at 32 MeV/c is effective to suppress the duct streaming positron background.

4.3 Muon stopping distribution

In order to estimate the muonium spacial distribution in the krypton gas target,
the muon stopping distribution was simulated. A simulator was developed based
on GEANT4 [59]. Figure 4-9 shows a simulated geometry and accumulated event

display. The muon beam with realistic profile parameters were irradiated to the gas
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Figure 4-8: Momentum distribution of the duct streaming positron. Initial momen-
tum distributes uniformly between zero and 52 MeV /c. The momentum distribution
after each bending magnet is represented in respective color.

target. The pressure of the krypton gas was set to 1.0 atm.

Optimization of the longitudinal length of the microwave cavity

The hyperfine transition frequency of muonium shifts to the lower value due to an
atomic collision with krypton. This systematic effect is modeled by a combination of
two-body and three-body collisions whose cross-sections depend on the gas pressure.
To suppress the systematic uncertainty from this gas pressure dependence, an exper-
iment under lower gas pressure is desirable. A longer gas volume is required to stop
muons under low pressure environment. However, a long and narrow microwave cav-
ity acts a particle collimator and causes an disadvantage in the detection solid angle.
Therefore, a longitudinal length of the microwave cavity was optimized based on the
result of muon stopping simulation. Figure 4-10 shows relative positron statistics as
a function of the cavity length. According to the result, the length of the cavity was
decided to be 230 mm.
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Figure 4-9: The geometry and accumulated event display of the muon stopping sim-
ulation. Red and blue lines correspond to the trajectory of the muon and positron,
respectively.

Estimation of muonium fraction in the gas volume

Only muons stopped in the gas target form a muonium. Muons stop without electron
capture and to be a source of background in the measurement. Figure 4-11 shows
a simulated muon stop distribution projected on the beam axis. According to the
results, 80% of incident muons stop inside the gas chamber, and 30% stopped inside
the microwave cavity. About 1% of total decay positrons were detected by the positron
counter.

Figure 4-12 shows a simulated muon stopping distribution projected on the several
types of cross-section. The result indicates 46% of detected positrons were from target
gas and others are mostly from inner wall of the cavity.

Table 4.1 summarizes the muon stopping distribution. Statistical uncertainty of

each value is about 1%.

89



2500

w
Q 3 $
G o 8 @®: 1.0:atm
B L i g 1 S
% = § ®: 0.3 atm
g 2000~ S ¢
& L
-] - $
o
£ i
1500 — g
1000 I _ ...................... ................................................................... _ ....................... ..................
- I ‘ |
L : I R SR O RS S
500 , ,,,,,,,,,, . Fessssesas P ETEES SEITETTITI TP T R , P (T h CYPPPRION
0 L 1 I 1 1 1 | 1 1 1 ! 1 1 1 I 1 1 1 ’ 1 1 1 | 1 1
200 220 240 260 280 300
Cavity length (mm)

Figure 4-10: Simulated cavity-length dependence of positron statistics. Red and green
circles represent the results with 1.0 atm and 0.3 atm Kr gas pressure, respectively.

Table 4.1: Muon stopping fraction whose decay positron was detected. The pressure
of the krypton gas was set to 1.0 atm

Stopped object Percentage State Contribution
Krypton gas in the cavity 46.5 Muonium Signal
Krypton gas outside of the cavity 1.2 Muonium  Background

Cavity wall 47.0 Muon Background
Cavity flange and others 5.3 Muon Background

4.4 Muonium spin flip

By using an analytic expression of muonium transition probability, time dependent
muonium spin flip was simulated. Muonium spacial distribution and microwave mag-
netic field were implemented as shown in Fig. 4-13. The microwave power of 3 W and
the cavity quality value of 10,000 were assumed. Figure 4-14 shows a histogram of
microwave magnetic field which muonium feels. Fitting result was utilized in follow-
ing calculation of the time dependent spin flip signal. When a muon forms muonium,

its kinetic energy is mostly equivalent to temperature of krypton gas. At a room
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Figure 4-11: Simulated muon stopping distribution projected on the beam axis. The
histogram in red line corresponds to the muon stopping distribution only for a case
that decay positron was detected by the detectors. The histograms in green and
black lines correspond to the muon stopping inside of the cavity, and the total muon
stopping, respectively.

temperature of 300 K, thermal velocity of muonium is approximately 7500 m/s. For
a case of 1.0 atm gas pressure, a collision between muonium and krypton occurs with
the frequency of 10 GHz. A mean free path of muonium is about 65 um and estimated
muonium diffusion was less than 1 mm in a ten-fold of muon mean lifetime. There-
fore, changing of the effective microwave power depending on the thermal motion of
muonium is negligible.

Time dependent spin flip signal of muonium is calculated from weighted integral

of muon spin polarization as follows.

s = [ N PO (4.2)

bmin

where by;, and by, are the minimum and maximum of microwave power which muo-

nium feels, N(b) is the number density of muonium as a function of the microwave
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Figure 4-12: Simulated muon stopping distributions projected on the cavity cross
sections: (left) projections on the bottom surface; (right) projections on the rectan-
gular surface. The upper figures correspond to total muon stopping. The bottom
ones correspond to only muons whose decay positron was detected.

power b, P(b) is a partial contribution corresponds to each microwave power strength.
Figure 4-15 represents calculated partial contributions for each strength of the mi-

crowave magnetic field.

By taking a summation of each partial contribution, the time dependent spin flip
signal is obtained as shown in Fig. 4-16. In the experiment, muon spin relaxation
occurs by an inhomogeneity of a static magnetic field and collisions with magnetic
gas impurities. When the relaxation time of 15000 ns is assumed, the muonium spin
flip signal is calculated as shown in Fig. 4-17. In Chapter 8, data analysis for the

time dependent signal utilizing this formulation is discussed.
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Figure 4-13: Muonium and magnetic field distribution: (left) simulated muonium
spacial distribution; (right) calculated microwave magnetic field.

4.5 Muon decay and positron emission

To estimate a counting rate of decay positrons, muon decay and positron emission
were simulated. Muon spin polarization and positron angular asymmetry as a function
of its kinetic energy were considered. Figure 4-18 shows a correlation between positron
emission angle and its kinetic energy.

The trajectory of decay positron was simulated and the position distribution of
positron hits on the detector was obtained as shown in Fig. 4-19. Relatively higher
event rate was observed at neighboring area of the beam axis because the microwave

cavity acts as a collimator.

4.6 Event generator

In order to evaluate a systematic effect related to positron detector response, an event
generator for positron detection simulation was developed. An analog circuit response,
photon yield, dark noise of photo-sensor were implemented. These parameters were
determined based on results of detector specification evaluation which is described
in the following chapters. Figure 4-20 shows a typical generated detector signal.

Generated events were analyzed in a similar method as the real data. Figure 4-21
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Figure 4-14: Effective microwave field strength obtained by superimposing the spacial
distribution of muonium and the microwave field. Red line represents a result of the
polynomial fitting.

shows a simulated positron time spectrum. A histogram in black line represents
the spectrum without the pileup loss while one in red line represents the ideal time
spectrum. The muon beam intensity of 3 x 10° muons per second was assumed. The
realistic analog circuit response and characteristics variations of the detector segments
were implemented based on the measurement results which are described in Chapter
6. By taking the ratio between the contents of two histograms in Fig. 4-21, the
pileup event loss was estimated. Figure 4-22 shows simulated event loss as a function
of elapsed time from a muon pulse arrival. The maximum instantaneous event loss
was estimated to be 20 %. After 5000 ns elapse from a muon pulse arrival, pileup

event loss is deduced down to a negligible level.

4.7 Resonance simulator

To discuss systematic uncertainties in the measurement, a resonance simulator for
muonium spectroscopy was developed. It consists of a numerical integrator for

positron detection depends on microwave spin flip of muonium. A time-integrated
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Figure 4-15: Partial contributions for each strength of the microwave field. Solid lines
in the left figures correspond to partial contributions divided into four major regions
of the microwave field denoted as (a), (b), (c), and (d) in the right figure. Dashed
lines indicate summation of the partial contributions in each region.

lineshape was considered based on its analytic expression discussed in Chapter 3.
Figure 4-23 shows a simulated resonance lineshape and trends in its frequency center
obtained by the iterative simulations. Assumed positron statistics was 3 x 10'3. Ob-
tained frequency detuning of lineshape at the peak was zero-consistent and statistical
uncertainty was about 0.2 Hz. This statistical uncertainty is small enough to discuss

major systematic uncertainties in the experiment.

4.8 Estimation of systematic uncertainties

In this section, the evaluation of systematic uncertainties are discussed.

4.8.1 Classification of systematic uncertainties

Systematic uncertainties are divided into two major classes. Figure 4-24 summarizes
possible systematic uncertainties in the resonance measurement. First category of in-

terest are temporal variations of measurement condition. Both a random fluctuation
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Figure 4-16: Simulated time dependent spin flip signal. Dashed lines correspond to
the four partial contributions from each division in the previous figure. The black
solid line represents the muonium spin flip signal obtained by summation of each
partial contribution.

and a continuous changing during the frequency scan are considered. In most cases,
the continuous drift in the measurement sequence causes a systematic shift of the res-
onance lineshape. This type of effect can be corrected by monitoring of a correspond
environmental variable. Gas pressure drift, increase of impurities in the target gas,
fluctuation of muon beam intensity, and changing in detection efficiency are highly
suppressed by taking the ratio of positron counting with and without microwave reso-
nance. Only the systematic effects related to the microwave power fluctuation are not
suppressed by this technique. Other items are static effects arising from the remnant
magnetic field, the gas pressure extrapolation to zero, and the event loss due to the

detector signal pileup.

4.8.2 Evaluation of time independent systematic uncertainties

The time independent systematic uncertainties are estimated independently and in-

dividually.
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Figure 4-17: Simulated time dependent spin flip signal with spin depolarization.

Dashed lines correspond to the four partial contributions from each division which

was presented in Fig. 4-15. The black solid line represents the muonium spin flip
signal obtained by summation of each partial contributions.

Static magnetic field

In the presence of static magnetic field, each energy level of muonium shifts due to

the Zeeman effect. Figure 4-25 shows energy levels of muonium at low magnetic field.

For a case of low magnetic field, the energy levels for only |1) and |3) depend on

magnetic field strength as

1 H

Wy = ZLAW + (9705 + gu + M%)g (4.3)
1 H

Ws = ZAW — (9s1% + gu + N%)E (44)

where AW is the hyperfine splitting, g;(u) is the gyromagnetic ratio of the electron
(muon), u;(“ ) is the Bohr magneton of the electron (muon), and H is a static magnetic
field. According to these equations, shift of each transition frequency was estimated

to be 14 Hz per nT in opposite directions. In the experiment, state |1) and |3) are
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Figure 4-18: Calculated correlation between positron emission angle and kinetic en-
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energy of 52 MeV. The vertical axis indicates cosine of positron emission angle to the
muon spin direction.

degenerated. Then, this systematic effect was evaluated as a summation of two shifted
resonance lineshapes by using the resonance simulator. When an uniform magnetic
field of 200 nT was assumed, the systematic uncertainty from the static magnetic

field was estimated to be negligible.

Gas pressure extrapolation

An atomic collision between muonium and krypton results a shift of transition fre-

quency. This systematic effect can be evaluated as

Av(p) = (14 ap + bp*)Av(p = 0) (4.5)

where p is the gas pressure, a corresponds to a contribution from two-body collision,

and b is a contribution from three-body collision. According to the result of precursor
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Figure 4-19: Simulated positron hit distribution on the positron detector plane.

experiment, these coefficients were determined as follows [46].

a = T7.996(8) x 107°/bar (4.6)
b=5.5(1.1) x 107%/bar® (4.7)

For a gas pressure of 1 atm case, the shift of the resonance frequency is to be 33
kHz. A correction error comes from an uncertainty of the pressure gauge. In the
measurement, a capacitance gauge with the precision of 0.2 % was utilized. Therefore,

the systematic uncertainty from gas pressure shift was estimated to be 66 Hz.

Detector pileup

Event loss due to the signal pileup depends on positron counting rate. At the leading
order, this systematic effect is canceled by taking the ratio of Ny, and Nyg. A higher
order contribution was estimated by using the event generator and the resonance sim-
ulator. For a beam intensity of 3 x 10° case, without pileup correction, the systematic
uncertainty from the detector pileup was estimated to be 2 Hz. The details of the

estimation are described in Chapter 8.
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Figure 4-20: Simulated analog signal of the positron detector. Red line indicates the
discriminator threshold of 120 mV which corresponds to 3.5 photons equivalent level.

4.8.3 Numerical evaluation of time dependent systematic un-

certainties

By iterating the resonance calculation with additional systematic fluctuation of mea-
surement environment, systematic uncertainties in the measurement was evaluated.
As the major sources of uncertainty, temporal variations of the microwave power, gas
pressure, gas purity, muon beam intensity, and muon beam profile were considered.
In terms of the resonance frequency determination, a continuous increase or decrease
of the environmental variable causes the most significant systematic effect because it
gives an asymmetric resonance lineshape. Randomization of the frequency scan order
in the measurement sequence is highly effective to suppress this type of systematic

uncertainties.

Figure 4-26 shows examples of iterative calculation of resonance shift caused by
the microwave power changing. The left column corresponds to a result with the

linear drift of 0.1% during the frequency scan in ascending order. The center column
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Figure 4-21: Simulated time spectrum of decay positron detection. The histograms
in red and black lines indicate the ideal time spectrum and the spectrum with pileup
consideration, respectively. The muon beam intensity was set to 3 x 10° muons per
second.

corresponds to a result with the linear drift during the frequency scan in random-
ized order. The right column corresponds to a result with the random fluctuation
of 0.1% during the frequency scan in random order. For a case of the linear drift in
ascending order, a systematic shift of the frequency center was observed. Contrari-
wise, only a broadening of the frequency center distribution was observed with the
order-randomized frequency scan. For a realistic estimation of the systematic uncer-
tainties, the actual condition of the experiment is to be considered. The details of

the evaluation of systematic uncertainties are discussed in Chapter 8.
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Figure 4-26: Simulated resonance shift caused by the microwave power drift: (left)
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Chapter 5

Muon detection system

This chapter describes the details of muon detectors. One is a two-dimensional ho-
doscope for online beam monitoring, the other is a three-dimensional muon beam

imager for muon stopping distribution measurement.

5.1 Two-dimensional muon beam profile monitor

To obtain an intensity and profile of incident muon beam, a two-dimensional fiber
hodoscope was developed. The detector is placed between an exit of beam duct and

an entrance of the gas chamber.

5.1.1 Overview of the detector

The online muon beam profile monitor analyses the muon beam from the aspect of
beam shape and relative intensity. Figure 5-1 illustrates a conceptual design of the
monitor. The detector consists of a pair of one-dimensional arrays of thin scintillation
fiber. Fibers are bound into a bundle and connected to a SiPM. As a readout elec-
tronics, EASIROC front-end chip and an external peak holding ADC were utilized
[61].
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Figure 5-1: Conceptual design of the two-dimensional muon beam profile monitor.
One-dimensional array of the scintillation fiber was connected to the SiPMs at both
ends. Two layers of the fiber array were placed orthogonal to each other. The detector
has an active area of 100 mm in square.

5.1.2 Requirements for the detector

Requirements for the beam profile monitor are minimum destruction and high recon-
figurability of the muon beam. As a detector material, thin scintillation fiber and
plastic scintillator slab were considered. From the aspects of machining precision and
light attenuation, scintillation fiber was adopted. Figure 5-2 shows simulated energy
deposit by a muon with kinetic energy of 4 MeV as a function of fiber thickness.
The horizontal axis indicates fiber thickness, the left vertical axis indicates energy
deposit, and the right vertical axis indicates spacial spread of the beam in target gas.
In order to control the muon stopping center at the microwave cavity, total thickness
of a beam monitor should be less than 400 pum in total and its uniformity should be
better than 20%. In consideration of substrate thickness for fiber array, scintillation

fiber with a diameter of 100 pm was developed.
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Figure 5-2: Simulated muon energy deposit in a scintillation fiber and muon beam
spread in the Krypton gas target. Blue circles correspond to the energy deposit (the
right vertical axis). Red circles correspond to the beam longitudinal spread in the gas
target. The gas pressure was set to 1.0 atm and the muon energy wa set to 4 MeV.

5.1.3 Detector development

Fibers were arrayed on a polyimide film and hardened by epoxy resin. Figure 5-3
illustrates a conceptual cross section of the fiber layer. On a polyimide sheet with the
thickness of 25 pm, scintillation fibers are arrayed one-dimensionally. Thermoplastic
resin is poured to fix scintillation fibers on the substrate. To minimize non-uniformity
of muon kinetic energy after passing the monitor, thickness of fiber layer was carefully
controlled in manufacturing processes. The thermoplastic resin was poured at a
plurality of times with precision control of heating temperature.

Figure 5-4 shows photographs of fabricated fiber layer. The left figure is a photo-
graph of the stacked two fiber layers. At both edges of the fiber array, a bundle of 40
scintillation fibers was connected to a SIPM. On the detection plane, each fiber band
is 4 mm wide and 100 mm long. To avoid an optical cross talk, an one-millimeter of
gap was formed between fiber bands. The right figure is a microscope photograph of

the fiber layer. Alignment precision of fiber bundles were evaluated by measuring the
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Figure 5-3: Conceptual cross section of the fiber layer. The scintillation fibers are
one-dimensionally arrayed on a polyimide substrate. The fibers were fixed by pouring
of thermoplastic resin. Total thickness of the layer is 150 um.

parallelism of bundles. As a result of measurement, alignment precision of 0.5 mm

was obtained.

Figure 5-4: The assembled fiber layer (left) overview; (right) microscope view. In the
left figure, two fiber layers were stacked.

By using a eddy-current type film thickness gauge, thickness of fiber layers were
evaluated as shown in Fig. 5-5. The left figure corresponds to layer thickness distribu-
tion. The average thickness of stacked two-layers was 309 pm. Thickness uniformity
was evaluated as 10.7 um by Gaussian fitting. Non-uniformity of the layer thickness
was 3.4 % and satisfied the requirement.

As a photo-sensor which is attached to scintillation fibers, SiPM (Hamamatsu
Photonics MPPC S12572-015P) was utilized. It has 40,000 pixels of avalanche photo
diodes (APD) in 3 mm square photo sensitive area. The photo-sensors were mounted
on a printed circuit board (PCB) which is shown in Fig. 5-6. To stabilize optical

connection and avoid optical cross-talk between fiber bundles, a supporting frame
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Figure 5-5: Fiber layer thickness distribution: (left) histogram of the layer thickness
at each measurement point; (right) layer thickness map. In the left figure, black line
corresponds to a result of the Gaussian fitting.

was attached as shown in the lower figure. To provide uniform detection efficiency,
operation voltages of SiPM were adjusted in the range of 0.2 V.
Figure 5-7 shows a photograph of the assembled detector. In the experiment, the

detector was installed between the beam duct and the gas chamber.

5.1.4 Performance of the detector

Basic performance of the detector was evaluated in laboratory test by using a radiative
source and cosmic rays. Figure 5-8 shows a pulse height spectrum of “°Sr-°Y beta
source. Discrete peak structure of the photon number distribution was observed and
fitted by multiple Gaussian functions. A conversion coefficient from ADC channel to
number of photons was obtained by evaluation of the distances among peaks of ADC
spectrum.

By integration of each Gaussian peak in Fig. 5-8, the detected photon number
distribution was obtained as shown in Fig. 5-9. Red circles indicate the measurement
result, the histogram in black line indicates the simulation result with two Poisson
distributions corresponding to the beta rays from strontium and yttrium.

Attenuation length of scintillation fiber was evaluated by using an UV lamp which

emits the light having wavelength of 255 nm. Light output was measured by a photo-
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Figure 5-6: Printed circuit board for SiPM mount and fiber connection: (upper)
printed circuit board after SiPM implementation; (lower) circuit board with the alu-
minum support for fiber bundle connection to the SiPM.

multiplier attached on a fiber section. Figure 5-10 shows measured fiber output
attenuation as a function of optical path length. An attenuation length of a fiber was

evaluated by fitting of the data points with an empirical function
y = Ae /" + Be™/? (5.1)

where A and B corresponds to contribution from light through a core and a clad of the
fiber. Each of the contributions is characterized by the attenuation length parameters
a and b. To perform the muon beam profile analysis, this light attenuation effect was

corrected by using this fitting result.

Figure 5-11 shows typical measured photon number distribution when a pulsed
muon beam is irradiated to the detector. The histograms correspond to the respective
horizontal positions as noted in the figure. Pedestal was subtracted by using beam-

off triggered data. As the number of photon becomes larger, the spectrum shapes
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Gas chamber side Beam side

Figure 5-7: Assembled fiber beam profile monitor: (left) gas chamber side; (right)
beam injection side. The detection area of the beam monitor is 100 mm square. The
supporting structure of the detector was designed so that the horizontal and vertical
center meet the beam axis.

asymmetric. This systematic effect can be explained qualitatively by pileup of SiPM
pixel. Shapes of each distribution was evaluated by the fitting to a skewed Gaussian
function.

A light yield at each fiber band was analyzed to reconstruct a muon beam profile.
Figure 5-12 shows a measured muon beam profile at J-PARC MLF MUSE D2-Line.
The left figure corresponds to a horizontal projection while the right figure corresponds
to a vertical projection. Red solid lines are fitting curves to a Gaussian function on

a background. A beam width and a center were obtained pulse-by-pulse.
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Figure 5-8: Pulse height spectrum of a °Sr-2°Y beta source. Red dashed line cor-
respond to the fitting result with multiple Gaussian functions. Data taking was

triggered by a small scintillation counter placed just behind the longitudinal center
of the fiber band.

5.2 Three-dimensional muon stopping distribution

detector

To measure spacial distribution of muonium in the target gas, a three-dimensional
muon beam imager was developed. The details of the detector development are

described in this section.

5.2.1 Overview of the detector

A conceptual design of the muon beam imager is shown in Fig. 5-13. A plastic
scintillator disk is placed in the gas chamber filled with krypton gas. When the a
muon beam is irradiated, a two dimensional image of the beam profile on a scintillator
surface is measured. By scanning position of the scintillator, three-dimensional muon

stopping distribution is reconstructed.
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Figure 5-9: Photon number distribution of a “°Sr-Y beta source. Red circles cor-
respond to the number of photon which was estimated based on the discrete peak
structure in the pulse height spectrum shown in Fig. 5-8. The histogram in black
line corresponds to the simulated photon number distribution.

5.2.2 Requirements for the detector

To suppress the systematic uncertainty due to the muonium spacial distribution, the
beam center and width should be obtained with the precision of 1 mm. Furthermore,

remote control operability with good reproducibility is of importance.

5.2.3 Detector development

Figure 5-14 shows a drawing of the detector. As a muon stopping target, a thin disk
of plastic scintillator (EJLEN Technology EJ-212) is placed inside of the gas chamber.
The fluorescence from the scintillator is amplified by an imaging intensifier (Hama-
matsu Photonics C9016-23EXP) and detected by a cooled CCD camera (BITRAN
BU-50LN). Cooling of the CCD camera was performed by both an air-cooling fan
and a Peltier element cooler.

In order to avoid a reflected light which enters to a CCD camera, a thin black paper
was attached on the upstream side of the scintillator. A diameter of the scintillator

was 182 mm. The scintillator disk and camera system were remotely controlled by the
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Figure 5-10: Light attenuation in scintillation fiber. Red line corresponds to the
fitting result with an empirical function y = Ae~*/* + Be~*/® where a and b are the
attenuation length parameters.

linear actuators (Zaber T-NM17A04 for the scintillator, TONAOSA50 for the camera
system). Figure 5-15 shows a photograph of the assembled detector system.

To reduce the contribution of thermal noise of a CCD, amplification by an image
intensifier was gated by 100 ns of timing window. Gating trigger for the image
intensifier was adjusted by a digital delay generator (SRS DG645). By scanning
delay amount for a trigger and measuring the light yield, an arrival time of muon

pulse was determined.

5.2.4 Performance of the detector

For background subtraction, a thermal noise distribution of CCD output was mea-
sured when beam was stopped. Figure 5-16 shows a measured dark frame.

To estimate statistical uncertainty in the measurement, a correlation between
CCD signal and its fluctuation was evaluated. The plurality of images under the same
measurement condition were analyzed. A root-mean-square of the signal distribution
corresponds to uncertainty in photon statistics. A correlation function for statistical

uncertainty estimation was obtained by the curve fitting as shown in Fig. 5-17. The
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Figure 5-11: Photon number distribution of the pulsed muon beam. Each of the line
colors corresponds to the horizontal distance from the beam axis. The measurement
was performed with the beam power of 200 kW which corresponds to 3 x 10° muons
per second.

function used in the fitting was y = pg\/x(1+p12) where py and p; are free parameters.
The second parameter in the fitting function corresponds to a non-linearity and that
was found to be negligible.

Figure 5-18 shows a typical two-dimensional muon beam profile on the scintillator
surface when the scintillator was placed at the entrance of the microwave cavity.
Muon beam momentum was 27.4 MeV /¢ and Krypton gas pressure was 0.3 atm.
A conversion coefficient from the CCD pixel to the distance was calibrated by the
scintillator diameter. The beam center and width were obtained by the fitting to a
two-dimensional Gaussian.

Figure 5-19 shows the beam profile center obtained from the fitting results. Red
circles indicate horizontal center while blue circles indicate vertical one. Dashed lines
correspond to 1 mm deviation from the mean values. Measurement precision of the
beam center was better than 1 mm and satisfied the requirement.

Figure 5-20 shows the beam profile width as a width of two-dimensional Gaus-
sian. As muons go downstream, the beam width increases due to Coulomb multiple

scattering and angular spread of the incident beam.
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Figure 5-12: Muon beam profile measured by using the fiber beam profile monitor:
(left) horizontal projection; (right) vertical projection. Red line corresponds to the
fitting result with a Gaussian on a background.
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Figure 5-13: Conceptual design of the three-dimensional muon stopping distribution
detector. The pulsed muon beam is irradiated to the plastic scintillator which is
placed inside the gas chamber. A phosphor in the scintillator is amplified by an
image intensifier and detected by a CCD camera. The scintillator is movable on the
longitudinal axis.
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Figure 5-14: Drawing of the three-dimensional muon stopping distribution detector.
The plastic scintillator in 180 mm diameter and 2 mm in thickness is installed inside
the gas chamber. The longitudinal position of the scintillator is controllable by using
the rotating actuator. The translation of the scintillator is synchronized to move of

the photo-detection system.
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Figure 5-15: Assembled muon beam imager. The thin black paper was attached
on the plastic scintillator disk. The acrylic transparent flange was utilized for light

transmission.
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respectively.
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Figure 5-17: Correlation between the CCD signal intensity and its root-mean-square:
(left) two-dimensional histogram; (right) one-dimensional projection with a fitting
result in red line. The fitting function was defined as y = pgy/z(1 + p1z) where pg is
the conversion factor from the number of photo electron to the CCD charge, p; is the
non-linearity parameter of the image intensifier response.
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Figure 5-18: Two-dimensional muon beam profile at the entrance of the microwave
cavity. The beam momentum was 27.4 MeV/c and the intensity was 3 x 10° muons
per second. The exposure time was 75 ps.
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Figure 5-19: Muon beam center measured by the beam imager. Red and blue circles
correspond to the horizontal and vertical center, respectively. The fitting result with
a constant function is shown in the solid line. Dashed lines indicate the one-millimeter
deviation from the average. The target gas pressure was 0.3 atm.
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Chapter 6

Positron detector

The details of positron detector development are discussed in this chapter. The

positron detector is a muon spin spectrometer to analyze the muonium energy state.

6.1 Overview of the detector

Figure 6-1 illustrates a conceptual design of the positron detector. It consists of two

layers of segmented scintillation counter with SiPM readout.

<— 3 mmt

Hamamatsu MPPC
1.3 mm x 1.3 mm
active area

576 ch/layer x 2 layers

Figure 6-1: Conceptual design of the positron detector. The scintillator pixels with
SiPM readout were arranged in a square matrix of 24 rows and columns. Two layers
of the detector were placed at the interval of 40 mm. Each element consists of a
square scintillator with a side length of 10 mm and a SiPM attached at the center
of the scintillator. Thickness of the scintillator is 3 mm and the SiPM has an active
area whose size of 1.3 mm square.
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6.1.1 Requirements for the detector

The high-intensity pulsed muon beam at J-PARC has a beneficial effect on the ac-
cumulation of statistics in a limited beam time. On the other hand, high event rate
capability is required for the positron detector. A number of positrons are detected by
a positron detector at short intervals and a signal pileup becomes severe. In order to
achieve a large solid angle and the suppression of the signal pileup at the same time,

fine segmentation of the detector with an integrated readout electronics is essential.

6.2 Development of high-rate capable positron counter

A traditional muon spin spectrometer is a combination of plastic scintillator, PMT,
and discrete signal processing electronics. To deal with the unprecedented high inten-
sity pulsed muon beam at J-PARC, a new positron counting system for a muon spin
spectrometer was developed. It consists of a fine segment of plastic scintillator, a sili-
con photomultiplier (SiPM), and fast readout electronics with ASIC based amplifier,
shaper, and discriminator (ASD) and multi-hit TDC implemented in FPGA.

6.2.1 Plastic scintillator

A plastic scintillator with a fast decay time constant and an emission wavelength
around 450 nm is suitable for a positron detector. EJ212 produced by ELGEN tech-
nologies was adopted. The dimension of a scintillator segment was decided based on

a simulation study as hereinafter described.

6.2.2 SiPM

As a photo-sensor which is attached to a plastic scintillator, SiPM was utilized for fine
segmentation and operation in a place having a spatial limitation. A MPPC (Multi
Pixel Photon Counter, Hamamatsu Photonics K.K. S12825-050P-01) was adopted.
It has 667 pixels in 1.3 mm X 1.3 mm active area (50 pm pixel pitch). In order

to provide uniform performance of the detector segments, the operation voltages of
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SiPMs were carefully selected. Figure 6-2 shows the operation voltage distribution of

SiPMs implemented to the detector. The operation voltages are within the range of

2%.
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Figure 6-2: Operation voltage distribution of the SiPMs for the positron detector.
The operation voltage V;,, is defined as V;,, = Vi, +2.0 V where V4, is the breakdown
voltage of the SiPM.

6.2.3 Readout electronics
Overview

As a series of readout electronics for SiPM, Kalliope (KEK Advanced Liner and Logic
board Integrated Optical detector for Positron and Electron) has been developed by
the Electronics Group and Institute of Materials Structure Science (IMSS) of KEK
[62]. It consists of an analog signal circuit with an ASIC named VOLUME2012 and
a digital circuit with a FPGA.
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Analog part

An analog part of the readout electronics is shown in Fig. 6-3. It has two stages of
voltage amplifiers and each bias voltage for amplifier is adjusted by the slow control
parameters. Slow control parameters are described in 20 bits of register pattern for
amplifier gain, amplifier biases, discriminator threshold, and fine tuning of the bias

voltages for SiPMs. The specifications of the analog board are summarized in Table

6.1.
SiPM bias adjustment
o
1st amplifier 2nd amplifier Comparator
@ — | Digital
signal

. [ ] | Threshold Polarity
SiPM H ‘ | | I |{ {> control ©  control

|:| gain mode control / Analog
C > monitor

Analog buffer

~ Ground 1st amplifier bias O 2nd amplifier bias

Figure 6-3: Schematic of an analog part of the readout electronics. Signal pulse from
the SiPM is amplified by the two stages of voltage amplifiers and digitized by the com-
parator. The comparator threshold, amplifier gain, and SiPM biases are adjustable

by slow control. Analog signal can be monitored through the buffer amplifier.

Table 6.1: Specifications of the analog board for the positron detector.

Specification Value
Gain 40 dB or 30 dB
Bandwidth 100 MHz
Typical dynamic range 600 mV
Typical pulse width 40 ns
Digital signal logic level LVCMOS 2.5 V
Channel 32
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Digital part

Figure 6-4 depicts a schematic of a digital part of the readout electronics. FPGA
firmware contains the implementation of a multi-hit TDC with 1 ns of timing reso-
lution, which is realized by four phase rotating 250 MHz clocks. Figure 6-5 shows
a simulated state machine with the phase rotating clocks. The specifications of the

digital board are summarized in Table 6.2.

:D_’ DC Memory Packet SiTCP
Digital :D_, - Trigger | generator |* >
81gnal : State Memory writing Compose

:D_, machine and reading raw data

Figure 6-4: Schematic of a digital part. Digital pulse from the analog part are pro-
cessed by the multi-hit TDC implemented in a FPGA. The FPGA firmware contains
the modules for memory reading and writing, data packet generation, and SiTCP
communication.

Table 6.2: Specifications of the digital board for the positron detector.

Specification Value
Clock frequency 250 MHz
Timing resolution 1 ns
Timing window 64 ps
Hit depth 1000
Channel 32

Slow Control

Major parameters of readout electronics are adjustable through a slow control. Table
6.3 is a list of controllable parameters. Amplifier gain is switchable by the number
of amplifier stages. Bias for each amplifier dominates the signal pulse height, the
dynamic range, and the threshold adjustment range. Not only pulse shape, but an

offset voltage for the comparator input and the analog signal dynamic range are
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Figure 6-5: Simulated time evolution of the state machine for the multi-hit TDC.
Each periodic pulse causes the state transition of the state machine by using the
phase rotating four clocks.

correlated to these amplifier parameters. The amplifier parameters were determined

based on a result of waveform comparison in the parameter space.

Table 6.3: Slow control parameters of the readout electronics for the positron detector.

Parameter Tunable range Control unit
SiPM bias tuning 4 bit Channel
Amplifier gain 40 dB or 30 dB ASIC (16 ch.)
First amplifier bias 16 bit ASIC (16 ch.)
Second amplifier bias 16 bit ASIC (16 ch.)
Discriminator threshold 4 bit Channel

DAQ timing window  from zero to 64 us FPGA (32 ch.)

6.2.4 SiPM mount board

For implementation of the SiPMs, a printed circuit board was developed. It consists
an eight layers of glass epoxy substrate. Signal lines were separated into four layers
and ground planes were inserted between each signal layer. Width of microstrip lines
and thickness of ground planes were designed to match the characteristic impedance
to 50 Ohm. Figure 6-6 shows a photograph and a partial drawing of the printed
circuit board for SiPM mount. A display color for each line corresponds to respective
layer of the circuit board.

To minimize inactive area on the detector plane, every connector was implemented

on the edge of the circuit board. Bypass capacitors were placed to suppress a noise
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Figure 6-6: Printed circuit board for SiPM mount: (left) photograph of the circuit
board after SiPM implementation; (right) partial drawing of the circuit board. The
interval between the SiPMs is 10 mm.

from bias voltage lines. The printed circuit board and readout electronics was con-

nected with a fine coaxial cable (KEL AWG40 and SSL20).

6.2.5 Light diffuser

As a light diffuser which doubles an alignment marker, laser patterned white paper
mask was developed. Figure 6-7 shows a photograph and a partial drawing of the

paper mask.

6.2.6 Reflector film

In order to suppress an optical cross-talk between scintillator segments, a reflector film
(3M Enhanced Specular Reflector; ESR) was inserted on the interfaces. To provide
the minimum dead-region and gapless insertion of a reflector film at the same time,
the reflector ribbons with folds were fabricated [63]. Figure 6-8 illustrates a procedure
to assemble scintillators and reflector films. Figure 6-9 shows a photograph of the

detector during assembly.
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Figure 6-7: White paper mask as a light diffuser and an alignment marker: (left)
photograph of the detector after the white paper mask installation; (right) partial
drawing of the mask.

6.2.7 Assembly

To eliminate a gap between a reflector film and a printed circuit board, reflector
ribbon is slightly wider than scintillator thickness. Scintillators and reflector ribbons
were fixed by surrounding acrylic frame and a top board covered with a sheet of
reflector film. Figure 6-10 shows the assembled positron detector without the top
board. In the experiment, the positron counter was placed at downstream of the gas

chamber.

6.2.8 Absorber

As discussed in Chapter 4, placement of an absorber between the gas chamber and
the positron detector is effective to suppress positron background both prompt and
duct streaming. Figure 6-11 shows simulated positron suppression as a function of
absorber thickness. An absorber material which has larger atomic number Z causes
particle loss proportional to Z2 due to bremsstrahlung. For balancing an energy cut
and less bremsstrahlung, aluminum was adopted as an absorber material.

Figure 6-12 shows simulated mean kinetic energy of detected positron from stopped
muon decay. It has no significant absorber thickness dependence because initial en-

ergy of decay positron tends to be higher as shown in Fig. 2-11. Simulation result
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Figure 6-8: Insertion of the reflector films. The ESR ribbons with folds were inserted
between the scintillator segments. The detector was assembled from (1) to (6) in
order.

suggests larger thickness of an absorber. However, inside of the magnetic shield has
severe spacial restriction. At a maximum under spacial constrains, an aluminum plate

with the thickness of 30 mm was developed.

6.3 Performance of the detector

Basic specifications of the detector were examined in laboratory test. Characteristics
of SiPM were evaluated by using a dark noise. Performance as a particle detector was
evaluated by using a °Sr-°Y radiative source. In order to understand the detector
response to a signal positron in the spectroscopy experiment, a beam test with high-

intensity pulsed muon beam at J-PARC MLF was performed.

6.3.1 Breakdown voltage of the SiPM

As shown in Fig. 6-2, operation voltages of SiPM were adjusted within the range

of 0.2 V. From each detector sub-section, several SiPMs were selected for sampling

131



Figure 6-9: Assembly of the scintillators and the reflector ribbons. The scintillators
were placed on the board utilizing the alignment cross processed on the white paper
mask.

evaluation of the breakdown voltage. The operation voltage V;, is defined as 2.0 V
plus breakdown voltage V4,.. Figure 6-13 shows typical result of the measurement. An
ordinate axis indicates a distance between one-photon and two-photons pulse height
of dark noise. The breakdown voltage was evaluated by the linear fitting as a zero-
cross of the fitting line. The measurement results were consistent with expectation

from the operation voltage distribution.

6.3.2 Dark noise rate of the SiPM

Figure 6-14 shows measured dark noise rate of the SiPM for all channels of the
detector. SiPM bias was set to an operation voltage at a room temperature of 287 K.
Discriminator threshold was set to 1.5 photo-electron equivalent level. The result was
consistent with specification information provided by a manufacturer. For a case of
typical channel with the dark noise rate of 20 kHz, an expected dark count in a data
acquisition timing window is 1.3 on average. By taking coincidence between the near
layer and the far layer of the positron detector, an accidental coincidence due to the
dark counts are safely negligible. Other types of accidental coincidence are discussed

in following chapter.

132



Figure 6-10: The positron counter. The top cover board for protection is not shown.
The detector has an active area of 240 mm square.

6.3.3 Signal pulse height

To evaluate an uniformity of detector response one photo-electron signal height was
measured in the same manner as the breakdown voltage measurement. Figure 6-15
shows measured typical 1 p.e. signal pulse height in a particular detector module.

According to the results, no critical variation of detector performance was observed.

6.3.4 Photon yield

In order to evaluate detection efficiency, photon yield of an electron from Sr-Y beta
source, cosmic ray, and muon decay positron were measured. With an objective of
high-rate data processing, Kalliope readout system has no ADC for pulse height or
charge measurement. Hence, a readout electronics with an external peak holding
ADC was utilized to measure photon yield. Note that following results were obtained

by using a partial replicant of the full-scale detector which has the same structure
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Figure 6-11: Simulated positron suppression as a function of the aluminum absorber
thickness: (left) positron relative yield for a case of the positrons from muon decay;
(right) positron relative yield for a case of the positrons with the momenta of 30
MeV /c.

and composition related to a scintillator and a SiPM.

Figure 6-16 shows measured photon yield of an electron from a *°Sr-°Y radiative
source. To suppress contribution from lower energy electrons from Sr beta decay,
the detector was placed between a radiative source and a trigger counter as shown
in Fig. 6-17. Only electrons which have the kinetic energy of 1 MeV or higher were
selected. SiPM bias was set to an operation voltage at a room temperature. Photon
yield distribution was evaluated by fitting to a Landau distribution smeared with a

Gaussian.

Figure 6-18 shows measured photon yield of a positron from muon decay at rest.
The bias voltage for the SiPM and fitting function were same as the case of radiation
source test. A break at the higher edge of the histogram was caused by saturation at
the dynamic range of an ADC. Expected energy deposit by a muon-decay positron is
about 85% of one by an electron from a ?°Sr-°Y radiative source. Therefore, measured
photon yield was consistent to each other. When the discriminator threshold is set to
4.5 p.e. level or below, nearly 100% of detection efficiency is expected for a positron

from muon decay.
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Figure 6-12: Simulated mean kinetic energy of the detected positron from muon decay
at rest. An energy threshold around 40 MeV is suitable for the experiment because
of a large positron angular asymmetry.

6.3.5 High event-rate capability

To evaluate high-rate capability of the positron detector, a time spectrum of positron
from muon decay was measured. The readout electronics parameters and detector
configuration were set to same as the muonium spectroscopy measurement. Figure
6-19 shows the time spectra of decay positron measured by each layer of the detector.
The left figure corresponds to the near layer, the right figure corresponds to the
far layer. A sharp peak at the earliest timing corresponds to the prompt positrons.
A mean lifetime of muon was obtained by the fitting to an exponential function
on a floor. Fitting range was limited to a lower-rate region to avoid the spectrum
deformation due to the signal pileup. Evaluated exponent was consistent to mean
lifetime of muon. The details of data analysis are described in Chapter 8.

An approximation curve was extrapolated to the higher-rate region to estimate
event loss due to a signal pileup. Figure 6-20 shows an event loss ratio which is defined
as normalized difference between the histogram and the approximation curve. The
zero-point of the horizontal axis corresponds to a muon pulse arrival. At a maximum

event rate, about 20 % of event loss was observed. According to a result of simulation
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Figure 6-13: Breakdown voltages of the SiPMs. Each of the circle colors corresponds
to the sampled channel of the detector. Red line indicates the linear fitting result. The
breakdown voltage of the SiPM was obtained by a zero-cross of the fitting function.

study, muonium spin flip signal is not significantly affected by this systematic event
loss. The details of the simulation study if this systematic effect are described in

Chapter 8.

6.3.6 Timing resolution

Figure 6-21 shows measured hit timing difference between the near and the far layer
of the detector when a positron from muon decay is detected. Timing resolution of
the detector was evaluated to be 4 ns by the fitting to a Gaussian on a background. A
red solid line indicates the fitting result. A red dashed line corresponds to a Gaussian
component of the fitting function. The obtained timing resolution was good enough

to measure a periodic structure in the time dependent spin flip signal.
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Figure 6-14: Dark noise rate distribution of the SiPMs. Discriminator threshold was
set to 1.5 photo-electron equivalent level. The bias voltage for the SiPM was set to
the operation voltage.
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Figure 6-15: Pulse heights of an one-photon equivalent signal of the detector. The
horizontal axis indicates the number of channel in the sampled detector module. Red
line corresponds to the fitting result with a constant function.
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Figure 6-16: Photon yield of a °Sr-*°Y beta source. The bias voltage for the SiPMs
was set to the operation voltage. Red line indicates the fitting result with a Landau
distribution smeared by a Gaussian. Only electrons with the energy of 1 MeV or
higher triggered the data taking.
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Figure 6-17: Experimental setup for the photon yield measurement. Electrons from
a 2Sr-2Y source were irradiated to the detector through the aluminum collimator
with an aperture. The detector under test was placed between the source and the
trigger detector. Only electrons with the energy of 1 MeV or higher are reachable to
the trigger detector.
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the fitting result with a Landau distribution smeared by a Gaussian.
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Figure 6-19: Time spectrum of the positrons from muon decay: (left) lear layer data;
(right) far layer data. The vertical axis was normalized by the number of muon beam
pulse during the measurement. Red line indicates the fitting result with an exponen-
tial function on a constant background. The sharp peak at 4800 ns corresponds to the
prompt positrons. For a near layer case, the second peak due to a signal overshoot
after the prompt incident was observed.
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Figure 6-20: Event loss as a function of the elapsed time from muon pulse arrival.
The event loss was estimated by a difference between the time spectrum and the
extrapolated fitting result in Fig. 6-19. About 20 % of the pileup event loss was
observed just after a muon pulse arrival. The measurement was performed with the
beam power of 200 kW which corresponds to 3 x 10° muons per second.
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Figure 6-21: Hit timing difference between the near layer and the far layer of the
positron detector. Red solid line corresponds to the fitting result with a Gaussian on
a background. Red dashed line corresponds to the Gaussian component of the fitting
result. The timing resolution of the detector was estimated to be 4 ns based on the
width of the Gaussian.
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Chapter 7

Experimental setup and data set

This chapter describes the experimental setup for the beam profile measurement and
resonance spectroscopy. The experiments were performed at J-PARC MLF MUSE
D2 beamline during 2016A operation period in June 2016. Proton accelerator was

operated at 200 kW of beam power with a single bunch mode.

7.1 Experimental setup

The experiment was separated into two stages. Firstly, muon stopping distribution in
krypton gas target was measured by using the three-dimensional muon beam imager.
After a week of interval for setup exchange and baking of the gas chamber, the
measurement, of muonium HFS resonance was performed. Magnetic field distribution
and gas impurity were measured before and after of the resonance measurement. The

details of the apparatus are described in Chapter 3.

7.1.1 Muon beam profile measurement

To obtain the spacial distribution of muonium in the target gas, the muon stopping
distribution was measured. Figure 7-1 shows an experimental setup. A plastic scintil-
lator disk was placed inside of the gas chamber. A luminescence from the scintillator

was amplified by an image intensifier and detected by a CCD camera. The details
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of the muon beam imager are described in Chapter 5. The scintillator and imaging
detector were remotely controlled in synchronization. To shield an external light,
entire setup was covered with a black sheet. Temperature of the CCD was controlled
by an air-cooling fun and a Peltier element cooler. At the beginning of the mea-
surement, beamline parameters were tuned to coincide the beam center and the gas
chamber center. A current in the last bending magnet and the correction coil at the
Wien filter were optimized. After the beam tuning, the measurement was performed

at the gas pressure of 0.3 atm, 0.5 atm, and 1.0 atm. After the completion of the
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Figure 7-1: Experimental setup of the beam profile measurement. The plastic scintil-
lator was placed inside the gas chamber. The longitudinal positions of the scintillator,
the imaging intensifier, and the CCD camera were remotely controlled in synchroniza-
tion with each other. During the measurement, the entire setup was covered with the
black sheet.

beam profile measurement, the beam imager was removed and the magnetic shield
was constructed. A baking of the gas chamber was performed to reduce residual gas

impurities. The particle detectors were installed after the baking.
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7.1.2 Muonium resonance measurement

Figure 7-2 shows an experimental setup of the resonance measurement. Inside of
the three-layered magnetic shield, the gas chamber and particle detectors were in-
stalled. Temperature inside of the shield was controlled by a local air conditioner
(Orion PAPO1B). Gas pressure was monitored by a capacitance gauge. Positrons
from muonium decay were measured by the positron detector which was placed at
downstream of the gas chamber. In order to extract a muonium spin flip signal from
decay positron time spectrum, a measurement was performed both with and without

microwave resonance.

L

Figure 7-2: Experimental setup of the resonance measurement. The fiber beam profile
monitor and the positron detector were placed at front and behind the gas chamber,
respectively. The aluminum absorber was placed between the gas chamber and the
detector. During the measurement, the entire setup was enclosed by the magnetic
shield.

Figure 7-3 shows the microwave cavity after installation. Magnetic loop antennas

for microwave input and pickup were installed at upper ports on the cavity. An alu-
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minum tuning bar with piezo positioner was attached at lower port of the cavity. Po-
sition of the tuning bar was controlled remotely to adjust a resonance frequency of the
microwave cavity. Microwave output was controlled remotely and switched ON/OFF
every minute to prevent a local temperature rise caused by power consumption at the
cavity. This microwave switching is effective to suppress the systematic uncertainties
arising from the temporal variations of measurement environment. In principle, the
temporal variation with a time scale of longer than minutes are highly suppressed by

this technique.

Pickup antcnna

ff e
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v -

-

v
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Figure 7-3: Microwave cavity in the gas chamber. The magnetic loop antennas for
microwave input and monitoring were attached. The tuning bar with the piezo posi-
tioner was utilized for a tuning of the cavity resonance frequency.

Magnetic field survey

Figure 7-4 shows measurement setup for static magnetic field survey. The fluxgate
magnetometer was inserted in the microwave cavity and three-dimensional magnetic

field was measured. By using an attachment for a probe holder, the magnetometer
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Table 7.1: Summary of the experimental conditions for the spectroscopy measure-
ment. The beam conditions and other experimental parameters are shown.

Conditions Values

Beam intensity 3 x10% put /s

Beam momentum 27.4 MeV /c

Beam bunching single pulse, 100 ns FWHM
Beam reputation 25 Hz

Beam duration 8 hours*

Target gas density 1.0 atm

Microwave power 3W

* Total for the frequency scan

was displaced in radial direction. The magnetometer was rotated around the rod and

translated along the longitudinal axis of the cavity.

7.2 Data set

To obtain a resonance lineshape of muonium HFS, the measurement was performed
at several values of microwave resonance frequency. Table 7.2 summarizes data set
for the microwave frequency scan. In order to confirm a validity of the experiment,
a measurement at mismatched frequency tuning between the cavity and the signal
generator was performed. This special measurement condition is denoted as off-

resonarce.
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Figure 7-4: Magnetic field survey in the microwave cavity. The fluxgate magnetometer
was inserted into the cavity in order to measure the three-dimensional magnetic field
map.

Table 7.2: Data set for the microwave frequency scan. The microwave frequency and
the time sequential order of the measurement are summarized.

Microwave frequency (MHz) Frequency detuning from HFS (kHz) Scan order

4463.3 0 1
4463.5 200 2
4463.8 500 3
4464.3 1000 9
4464.8 1500 4
4463.1 -200 5
4462.8 -500 6
4462.3 -1000 10
4461.8 -1500 8
Off Resonance 7
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Chapter 8

Data analysis

This chapter describes data analysis for both beam profile and resonance measure-
ments. The first part of the chapter corresponds to reconstruction of muonium spacial
distribution in the krypton gas target. The second part corresponds to determination

of the resonance frequency of muonium HFS transition.

8.1 Spacial distribution of muonium

In this section, data analysis of the muonium distribution measurement by using the
muon beam imager is discussed. The details of the muon beam imager were described

in Chapter 5.

8.1.1 Timing structure of the beam

Light amplification by an image intensifier was triggered by a gating signal with the
width of 100 ns. In order to optimize this gating, timing dependence of the light yield
was measured. Figure 8-1 shows measured light yield as function of delay amount for
gating trigger. The first peak corresponds to the prompt positron, and the second
peak corresponds to the pulsed muon. Timing interval between two peaks gives a
time of flight difference of muon and prompt positron. It was evaluated as 284 ns

and utilized to determine a muon pulse arrival in decay positron analysis. In the
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beam profile measurement, the amount of gating delay was set to 101,600 ns as an

optimum.
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Figure 8-1: Light yield as a function of gate timing for the imaging intensifier. The
first and second peaks correspond to the prompt positron and the pulsed muon,
respectively.

8.1.2 Profile analysis

As described in the latter half of Chapter 4, the two-dimensional muon beam profile
was measured and analyzed. Background arising from CCD thermal noise was sub-
tracted. Photon statistics at each pixel was estimated based on the relation between
mean and root-mean square of CCD charge.

Measured beam profile was evaluated by the fitting to a two-dimensional Gaussian
on a background. Typical profile and the fitting result are shown in Fig. 8-2. The
left figure corresponds to a measured profile, the right figure corresponds to a curved
surface obtained by the fitting. Beam width and center were evaluated based on
the fitting result. As an alternative approach to evaluate a beam profile, the one-

dimensional projections of the beam profile were analyzed. Measured two-dimensional

148



N
. 500 .
3 3
W, 400 &
-y —
g £
2 300 z:
o o
O 2001 o
s s |
100 O s
(IS
N
‘\\\\\\
100, ““‘\‘I‘\
XS
&, .
%,
74

Figure 8-2: Two-dimensional muon beam profile: (left) two-dimensional histogram of
CCD charge; (right) fitting result with a two-dimensional Gaussian.

profile was divided into sub-bands whose width was 1.4 mm. Figure 8-3 represents
an example of this analysis. A Gaussian fitting was performed to each sub-band.
Figure 8-4 shows obtained beam parameters from each projection. The upper
figures correspond to vertical projections, the lower figures correspond to horizontal
projections. Red lines indicate beam parameters obtained by two-dimensional fitting
aforementioned. At the vicinity of a profile center, there was a good agreement
between two approaches. The analysis method was applied to evaluate beam profiles

at each longitudinal position.

8.1.3 Evaluation of the beam center and the beam width

As a result of two-dimensional fitting of beam profiles, a muon beam center and a
beam width were evaluated as a function of longitudinal position. Figure 8-5 shows a
result for beam center for a case of 1.0 atm gas pressure. The left figure corresponds
to a horizontal beam center, while the right figure corresponds to a vertical one.
Black circles indicate the measurement result while red ones indicate the simulation
result. The result suggests systematic uncertainty in the measurement. A putative

cause of the systematics is misalignment of the muon beam imager. However, for
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Figure 8-3: One-dimensional projections of the muon beam profile. The two-
dimensional beam profile was divided into the plural one-dimensional projections
in the horizontal and vertical directions. Each sub-region has the width of 1.4 mm.

both direction cases, this systematic uncertainty is within a range of 1 mm. Fig. 8-6
shows a result for beam width at a gas pressure of 1.0 atm. Black circles correspond
to the experimental results, while red ones correspond to the simulation results. A
red dashed line is a fitting curve defined as y = a+bx +c/x where a is an initial beam
width, b is a contribution from muon momentum direction, and ¢ is a contribution
from multiple scattering. Beam spread was mostly dominated by angular spread of

the beam.

8.1.4 Stopping distribution

To obtain the muon stopping distribution on the beam axis, longitudinal position
dependence of the light yield was evaluated. The number of stopped muon in a short
distance is in proportion to a differentials of the light yield. Therefore, muon stopping

density at each measurement point is extracted from a difference between the light
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Figure 8-4: Beam parameters obtained from the one-dimensional projections: (upper
left) horizontal beam center; (upper right) horizontal beam width; (lower left) vertical
beam center; (lower right) vertical beam width. Red lines correspond to the results
of two-dimensional fitting.

yields at neighboring measurement points.

Light yield

Figure 8-7 shows a light yield as a function of longitudinal position. Red circles
correspond to a result at 1.0 atm gas pressure. Green and blue ones correspond to
0.5 atm and 0.3 atm, respectively. In each case, clear decrease of the light yield as
a function of longitudinal position was observed. Note that a thin black paper was
attached to the target scintillator. Hence, its contribution to a range of muon should
be considered. According to a measured thickness and density of the black paper, a
plus-correction to a muon range was about 85 mm. Because the paper was placed

in close contact with the scintillator, measurement of beam width was not affected
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Figure 8-5: Muon beam center as a function of the longitudinal position: (left) hor-
izontal beam center; (right) vertical beam center. The target gas pressure was 1.0
atm. Black and red circles correspond to the experimental and simulation results,
respectively. The cavity upstream edge was at -155 mm on the horizontal axis and
the downstream one was at 75 mm.

by the attachment. To avoid a background due to a stopped muon in the foil of the
cavity, no incident muons should reach the end of the cavity. Considering this range
correction, incident muons should stop within a range of 145 mm. Therefore, a gas

pressure was set to 1.0 atm in the spectroscopy experiment.

Muon energy correction

Light yield of muon beam is proportional to the number of muon and its kinetic energy.
The target scintillator disk was thick enough to stop muons with the kinetic energy of
4 MeV. To compare a muon density at each longitudinal position, variations of muon
kinetic energy arising from energy loss in krypton gas should be considered. Figure
8-8 shows simulated muon kinetic energy as a function of longitudinal position. The
left figure represents energy distribution, the right figure corresponds to an average

of energy. Krypton gas pressure was set to 1.0 atm.

8.1.5 Reconstruction of muonium spacial distribution

In order to obtain a stopping density in upstream region, an experimental result

without an attachment was combined. Except for a black paper attachment, beam
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Figure 8-6: Muon beam width as a function of the longitudinal position: (left) hor-
izontal beam width; (right) vertical beam width. The target gas pressure was 1.0
atm. Black and red circles correspond to the experimental and simulation results,
respectively. The cavity upstream edge was at -155 mm on the horizontal axis and
the downstream one was at 75 mm. In both figures, dashed lines indicate the fitting

result.
momentum and amount of material in the beam path for both experiments were
equivalent. Figure 8-9 shows a muon stopping distribution projected on the beam

axis.
By combining two-dimensional beam profiles and longitudinal stopping density,

a three-dimensional muon stopping distribution was reconstructed as shown in Fig.

8-10.
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Figure 8-7: Light yield of the pulsed muon beam as a function of longitudinal position.
Red, green, and blue circles correspond to the results with the gas pressure of 1.0 atm,
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horizontal axis. The downstream one was at 75 mm.
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Figure 8-8: Muon kinetic energy as a function of the longitudinal position: (left)
energy distribution; (right) average of the energy. The initial muon energy was set to
4 MeV and the target gas pressure was set to 1.0 atm.
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Figure 8-10: Muon stopping distribution in krypton gas at 1.0 atm pressure: (left)
view from the longitudinal axis; (right) cross-sectional view.
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8.2 Microwave spin flip of muonium

In this section, data analysis of the muonium HFS resonance spectroscopy is dis-
cussed. In the measurement, experimental observable is a time dependent counting
of positrons from muon and muonium decay. Decay positrons were detected by the
positron counter which was placed at the downstream of the gas chamber. The details

of the positron detector were described in Chapter 6.

8.2.1 Data analysis procedure

Muonium spin flip signal is extracted from a decay positron time spectrum. Data

analysis procedure is as follows.
1. Validation of data taking trigger by using pulse-by-pulse event rate
2. Search for positron hit cluster and cluster merging
3. Coincidence paring between hits on each layer of the detector

4. Extraction of time dependent spin flip signal by taking the counting ratio be-

tween microwave ON and OFF

8.2.2 Trigger validation

Data taking trigger for the readout electronics was configured to correspond to a
muon pulse arrival one-by-one. Hence, no trigger signal is generated when a proton
accelerator stops. However, an accidental failure of beam current monitor may provide
a trigger signal even in a case of unexpected beam loss.

Figure 8-11 shows the trends in hit number for each layer of the detector. Red
circles corresponds to the number of hit detected by the near layer. Blue circles
correspond to one by the far layer. Temporary beam loss was detected and events

with no beam were excluded from the following analysis.
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Figure 8-11: The number of hit for each trigger pulse. Red and blue circles represent
the number of hit on the near and far layer of the positron detector, respectively. Red
solid line indicates an average of the hit number.

8.2.3 Spacial distribution of positron detection

Figure 8-12 shows a hit position distribution on the near layer of the detector. The
left figure corresponds to two-dimensional hit map, the right figure corresponds to its
projections to horizontal and vertical axises. Similarly to a simulation result shown
in Chapter 4, most of positrons were detected by the central region of the detector.
This supports that most of positrons were from inside of the cavity along the beam
axis as expected by simulation. To check whether the detector is capable of correctly
counting the number of positron, temporal and spacial trends in positron hits were
investigated by using an event display. Figure 8-13 represents an example of the event
display with the 100 ns of timing slices. Spacial position of each hit was displayed on
the detector plane. Accordingly, there were some cluster-like hits to be contiguous
with other hits. Figure 8-14 shows typical events which were classified to normal
hits and cluster hits. Upper figures correspond to a candidate of positron coincidence

event which consists of two single hits. At both layers, only one segment detected a hit
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Figure 8-12: Hit map on the detector plane: (left) two-dimensional hit map on the
near layer; (right) one-dimensional projections of the hit map. In the right figure, the
histograms in red and blue lines correspond to the vertical and horizontal projections,
respectively.

in 100 ns of timing window. Lower figures correspond to a possible coincidence event
consists of a hit cluster at the near layer and a single hit at the far layer. Probable
causes of hit cluster are a electromagnetic cascade, oblique incident positron, and
optical or electrical cross-talk. Hit cluster arising from these origins may cause over-
counting of positrons. Therefore, the cluster hits should be searched and merged into

a single aggregate according to a certain criteria.

8.2.4 Clustering analysis

To distinguish and process a hit cluster, following criteria was implemented in the

data analysis. Figure 8-15 illustrates this clustering process.

1. When a hit is found at a particular segment of the detector, eight neighboring

of the segment are inquired wether they have a hit in a short time interval.

2. Timing interval between hits are calculated and if it is shorter than a five-fold
of timing resolution, these hits are classified into a hit cluster with an identical

origin.
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Figure 8-13: Example of an event display. Upper (lower) panels correspond to the
hit map on the far (near) layer in every 100 ns. Red squares represent a segment
which detected a hit. Multi-hits on neighboring segments were observed and denoted
as cluster hits.

3. After a completion of cluster search at a particular segment, a next segment is

selected as a target segment.

4. These search and merge processes are iterated for all segments one-by-one.

5. In the end of each event, a central of each hit cluster is determined by calculation

of temporal and spacial gravitational center.

Figure 8-16 gives an example of hit clustering. In this example, two independent hit
clusters were processed. Figure 8-17 shows a cluster size distribution for each layer of
the detector. The histogram in black line corresponds to the result for the near layer.
The one in red line corresponds to the far layer. Note that single hit cluster consists

of both a positron hit and a SiPM dark count.
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Figure 8-14: Example of cluster hits: (Upper) event display without hit cluster;
(Lower) event display with a cluster hit on the near layer.

To estimate the number of uncollected cluster hit, a multiplicity at the near layer
was analyzed for a case of single positron event. A single positron like event was
selected by a hit on the far layer. Contribution from SiPM dark noise was excluded
by a requirement for a cluster size of far layer hit. Figure 8-18 shows the number
of hit cluster on the near layer when a single cluster was found on the far layer.
The histogram in blue line corresponds to the result with no other event selection,
the histograms in green and red lines correspond to the results with event selections
in spacial distance between hits on the near layer and the far layer denoted as Ar.
Figure 8-19 represents the timing difference distribution between two his clusters on
the near layer when a single cluster was found on the far layer. A clear peak structure

suggests that multiple clusters on the near layer are uncollected parts of a larger hit
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Figure 8-15: Schematic of the hit clustering process. When a hit was found at a
detector segment, hits on eight neighboring segments in a short time interval are
merged into a hit cluster. Timing window is set to a five-fold of the detector timing
resolution. The center of the hit cluster is determined by a gravitational center. This
merging process is iterated for all segments.

cluster. According to the cluster-multiplicity shown in Fig. 8-18, uncollected cluster
hits rarely contribute to the coincidence analysis when Ar < 2 cm is required. In
the following coincidence analysis, this event selection was required. In addition, this
event selection in spacial distance is effective to reduce a contribution of accidental
coincidence arising from two independent origins. The details of the coincidence

analysis are described below.

8.2.5 Coincidence analysis

After a completion of hit clustering, coincidence analysis between two layers were
performed. Figure 8-20 shows timing difference between hit clusters on the near layer
and the far layer denoted as At. Each histogram corresponds to respective timing
region which is selected by an elapsed time from a muon pulse arrival which is denoted

as tg. A Gaussian peak on a floor-like background was observed. True coincidence
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Figure 8-16: Example of the hit clustering: (left) before cluster merging; (right) after
cluster merging. Two groups of cluster hits were merged into hit clusters.

event contributes to the peak, on the other hand, accidental coincidence arising from
two independent origins contributes to the background. Dashed lines are fitting curves
consists of a Gaussian on a background. The fitting was performed to every timing
region with the width of 500 ns. Figure 8-21 shows the width of Gaussian peaks at
each timing region. In the early timing regions, accidental coincidence contributes
to the width of At distribution. Once the event rate decreased, the timing width
asymptotically approached to a constant. Timing resolution of the detector was
estimated to be 4.4 ns.

Figure 8-22 shows a correlation between radial hit positions on each layer. The
left figure corresponds to a correlation of true coincidence like events selected by
the requirement for timing difference At which is less than a three-fold of standard
deviation. The right figure corresponds to a correlation of accidental like events. For
a case of true-like coincidence events, a clear correlation between hit positions on two
layers was observed.

Figure 8-23 represents the radial position difference Ar between coincidence paired
hits at each layer. The left figure corresponds to a comparison of Ar for the accidental-
like coincident events and the true-like coincident events discriminated by an event

selection for the timing difference At between hits at each layer. As shown in Fig.
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Figure 8-17: Cluster size distribution. The histograms in red and black lines corre-
spond to the cluster size on the near layer and the far layer, respectively.

8-20, even though an event selection for At is applied, the sets of true-like coinci-
dence events contain the accidental coincidence events. The right figure indicates
a subtracted histogram by taking the difference between two histograms in the left
figure. The result suggests that more than 86% of the true coincidence events are in

the range of Ar < 2 cm.

8.2.6 Time spectrum analysis

Figure 8-24 shows the time spectra obtained at each step of the analysis. A histogram
in blue line corresponds to a spectrum consists of all hits, the one in green line
corresponds to clustered hits. The histogram in black line corresponds to a spectrum
of coincident events. A red solid line is a fitting curve consists of an exponential
function on a floor background. An evaluated exponent was consistent with the mean
life time of a positive muon.

Figure 8-25 shows time dependent event loss obtained from a difference between
the time spectrum and the fitting curve shown in Fig. 8-24. The maximum event

loss due to the signal pileup was estimated to be 20%. It was consistent with the
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Figure 8-18: Multiplicity distribution after the cluster merging. The histograms in
green and red lines correspond to the results with an event selection of Ar <5 cm
and Ar <2 cm, respectively. The one in blue line corresponds to the result without
event selection.

result presented in Chapter 6 which was obtained from the time spectrum of clustered
hits. Systematic uncertainty in the resonance measurement arising from this effect
is discussed in the following chapter. To consider appropriateness of the coincidence
analysis, the finding efficiency of a coincidence hit pair was evaluated. Figure 8-
26 shows a fraction of the number of coincidence events relative to the number of
hit cluster on the far layer. Black solid circles correspond to the total coincident
event, red solid circles correspond to the true-like coincidence, and outlined circles
correspond to the accidental-like coincidence. Event selection was the same as the
analysis of the coincidence time spectrum shown in Fig. 8-24. While the rate of
accidental-like coincidence depends on event rate, true-like coincidence rate is mostly
rate independent. This tendency bolsters no significant systematic bias caused by the

coincidence analysis.
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Figure 8-19: Timing difference between two hit clusters which were observed at the
same time on the near layer. The peak around zero suggests that two hit clusters
have an identical origin e.g. an electromagnetic cascade.

8.2.7 Time dependent spin flip signal

For a validation of the measurement system, microwave off-resonance data was ana-
lyzed. A microwave resonance condition was off-tuned to a signal generator output
frequency. Figure 8-27 shows an extracted muonium spin flip signal defined by the
ratio of the positron counting with microwave N,, and one without microwave Ng.
No significant signal was observed. Figure 8-28 shows an extracted time dependent
signal of muonium spin flip. A microwave frequency was set to an expected frequency
which corresponds to the muonium HF'S resonance. The signal definition is the same
as the analysis for off-resonance data. Clear oscillating spin flip signal was observed.
As discussed in Chapter 2 (Eq. 2.83) and Chapter 4 (Eq. 4.2), the time dependent
spin flip signal depends on the microwave strength and the spacial distribution of the
muonium. Therefore, the signal is expressed by a summation of partial contributions

correspond to different microwave strengths. In Fig. 8-28, red solid line represents a
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Figure 8-20: Timing difference between the hits on each layer of the detector which
is denoted as At. Each of the histogram in colors corresponds to the beginning of a
timing window. The timing of a muon pulse arrival is denoted as ty,. Dashed lines
indicate the fitting results with a Gaussian on a background.

fitting curve which is defined as follows

S Detw Th—w Tp—w T4
Z[{ k—Hucos E0 2R o k+wt}N(bk)}Ae_)‘t (8.1)

S(t) = T, 2 T, 9

k=1

Ty, = \/w + 8|bi? (8.2)

where ' is the microwave frequency detuning, n is the number of partial contribution,
bi is the microwave power parameter of each contribution, N(b;) is the number of
muonium in each partial contribution, A is the arbitrary scaling parameter, and A is
the spin relaxation time constant. The microwave frequency detuning, the number of
muonium in each partial contribution, the spin relaxation time constant, and the ar-
bitrary scaling factor were set as free parameters. The number of partial contribution
was set to four from the viewpoint of convergence of the parameters. Dashed lines
correspond to the contributions from respective microwave strengths. As a result of

the fitting, a microwave frequency detuning was obtained to be 65 4= 223 kHz.
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Figure 8-21: Width of the At distribution as a function of elapsed time from a muon
pulse arrival. In the early timing region, an accidental coincidence contributes to
broadening of the width.

The effective microwave strength distribution was obtained by the fitting of the
time dependent spin flip signal. Figure 8-29 represents a comparison of the observed
data with the simulation result and it shows good agreement.

Figure 8-30 shows a time dependent spin flip signal for a case of 200 kHz detuned
from the resonance frequency. A red line corresponds to a fitting curve. All parame-
ters except for an arbitrary scaling factor were fixed. The microwave power and the
spin relaxation parameter were set to the fitting result for the on-resonance signal.
A microwave frequency detuning was set to 200 kHz. Major features of the time

dependent signal was represented by the fitting curve.
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Figure 8-22: Hit correlation in the interlayer coincidence hits: (left) true-like coinci-
dence; (right) accidental-like coincidence. The event selection criteria was At < 30
for the true-like coincidence where At is the interlayer timing difference and o is the
timing resolution of the positron detector.
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Figure 8-23: Radial position difference between the hits on each layer of the detector
which is denoted as Ar. In the left figure, the histograms in red and black lines corre-
spond to true-like and accidental-like events, respectively. The subtracted histogram
is represented in the right figure.
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Figure 8-24: Time spectra of the detector hits. The histograms in blue, green, and
black lines correspond to all single hits, cluster merged hits, and coincidence hits,
respectively. Red line indicates the fitting result with an exponential function on a
constant background. The event selection of At < 30 and Ar < 2 cm were applied
to the coincidence time spectrum.
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Figure 8-25: Pileup event loss of the coincidence hits as a function of elapsed time
from a muon pulse arrival. The event loss was estimated based on the difference
between the positron coincidence time spectrum and the fitting result shown in Fig.
8-24.
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pulse arrival. Red, black and outlined circles correspond to all events, true-like events,
and accidental-like events, respectively. The event selection of At < 30 and Ar < 2
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Figure 8-27: Off resonance result of the time dependent spin flip signal analysis.
The vertical axis indicates the time spectrum ratio Non/Norr — 1 where Non and
Norr correspond to the positron time spectra with the microwave ON and OFF,
respectively. The horizontal axis indicates elapsed time from a muon pulse arrival.
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Figure 8-28: Time dependent spin flip signal at the microwave frequency of 4463.3
MHz. The vertical axis indicates the time spectrum ratio Nox/Norr — 1 where Noy
and Nopp correspond to the positron time spectra with the microwave ON and OFF,
respectively. The horizontal axis indicates elapsed time from a muon pulse arrival.
Red solid line represents the fitting result with the theoretical expression of the signal.
Each of dashed lines in colors corresponds to the different microwave field strength.

:

® Data

0.0025
- Simulation

0.0015

Muonium yield/muon
o
3
N

I

0.001

0.0005

IIIIIIIT

1 L L 1 .l L 1 L 1 1
% 5 10 15 20 25
Microwave magnetic field (uT)

Figure 8-29: Comparison of the effective microwave strength distribution. Red circles
represent the fitting result while the histogram in black line indicates the simulation
result.
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Figure 8-30: Time dependent spin flip signal at 200 kHz detuned microwave frequency.
The analysis was performed in the same manner as one for Fig. 8-28. The red line
corresponds to the fitting result with the theoretical expression of the signal. The
parameters in the theoretical curve were fixed at the results shown in Fig. 8-28 except
for the microwave frequency and an arbitrary scaling parameter.
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Chapter 9

Results and Discussion

This chapter describes the results obtained through the experiment and its under-
standing. The first section summarizes the measurement result of muonium HFS
resonance spectroscopy. Systematic uncertainties are discussed in the second sec-
tion. Sources of systematic uncertainties are sorted out and each contribution was
estimated. Comparisons with precursor experiments and further improvements are
included. The last section describes prospects for the future, particularly, expected
statistical precision with higher-intensity muon beam. For a case of the existing

facility and one of the new facility under construction are discussed.

9.1 Results

This section summarizes the experimental result of muonium spectroscopy obtained

by the data analysis described in the previous chapter.

9.1.1 Muonium spin flip induced by a microwave magnetic

field

Figure 9-1 shows time dependent spin flip signals extracted from decay positron time
spectra. A solid circle corresponds to the result with on-resonance microwave while

an outlined circle corresponds to one with off-resonance microwave. The detail of data
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analysis is described in Chapter 8. Under an excitation of microwave resonance in the
cavity, clear oscillating spin flip signal was observed. On the contrary, no significant

spin flip signal was observed for a case of off-resonance tuning.
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Figure 9-1: Time dependent signal of the muonium spin flip. Black solid circles and
outlined circles correspond to the signal at on-resonance tuning and off-resonance
tuning, respectively. The microwave frequency for the on-resonance measurement
was tuned at 4463.3 MHz.

9.1.2 Resonance lineshape

As a result of decay positron counting with microwave frequency scan, a resonance
lineshape of muonium HF'S transition was obtained. This was the first observation of
muonium HFS resonance as an experimental result with pulsed muon beam. Figure
9-2 shows a measured resonance lineshape. Frequency dependence of the microwave
characteristics was corrected. Fitting was performed by a theoretical expression of
lineshape derived in Chapter 2. For a case of wide timing range of positron integration,
the function form is approximated by a Lorentzian. The obtained frequency center
was —41 4+ 22 kHz. This result corresponds to a relative uncertainty of 4.9 perts per

million. An expected resonance frequency based on zero-extrapolation of gas pressure

is —33 kHz.
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Figure 9-2: Resonance lineshape of the muonium HFS transition. Red line cor-
responds to the result of Lorentzian fitting. The vertical axis indicates the time
integrated signal of the muonium spin flip. The frequency center of the resonance
lineshape was evaluated to be 4463 259 (22) kHz.

9.2 Systematic Uncertainties

In this section, the systematic uncertainties in the measurement are discussed.

9.2.1 Static magnetic field

Static magnetic field causes a splitting of muonium sub-levels and broadening of the
resonance lineshape. Figure 9-3 shows measured static magnetic field distribution in
the microwave cavity. The magnetometer was placed on the beam axis and translated
along the axis.

By combining the muonium spacial distribution and magnetic field map, an effec-
tive magnetic field distribution was obtained. Fig. 9-4 shows the obtained magnetic
field which muonium feels in the microwave cavity. Shift of the resonance lineshape
was estimated by using the numerical resonance simulator as described in Chapter 4.

As a result of numerical simulation, no significant systematic shift of a lineshape was
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Figure 9-3: Static magnetic field map inside the microwave cavity. The magnetome-
ter was placed on the longitudinal axis (beam axis). A local magnetization on the
upstream side.

observed.

9.2.2 Microwave power fluctuation

Drift of microwave power causes signal fluctuation. Stability of microwave power was
monitored by using a small loop antenna attached to the microwave cavity. Figure
9-5 shows measured trends in monitored microwave power.

During the measurement, a gradient detuning of the microwave resonance was
observed. This detuning was caused by a local temperature drift on the microwave
cavity. Changing in a temperature gives a slight deformation of the microwave cavity.
Periodic switching of microwave output was effective to suppress the temperature
drift. However, a temperature stability of the cavity was imperfect.

Figure 9-6 shows a magnified fluctuation of the microwave power. It consists of a
short-term component and a long-term component. The fast fluctuation is supposed
to be a contribution from a stability of the signal generator. On the other hand, the

slow fluctuation is to be one from the temperature drift. This long-term drift was
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Figure 9-4: Effective magnetic field strength surrounding the muonium. The distribu-
tion was obtained from the magnetic field map and three-dimensional muon stopping
distribution which was measured by the muon beam imager.

evaluated by linear-approximation and corresponds to a power decrease of 6.3%. The
short-term drift corresponds to a power changing of 0.5% on average.

In the analysis, a correction to a long-term fluctuation was implemented by using
a liner approximation. Table 9.1 summarizes estimated long-term drift at each mi-
crowave frequency. In the beginning of a measurement at each frequency data point,
input microwave power to the cavity was measured directly via an attenuator. No
significant change in input power was observed. This supports that power fluctua-
tion origins from a change in the microwave cavity. Systematic uncertainties arising
from short-term fluctuation was estimated by using the resonance simulator. At each
frequency point, 0.5% of random fluctuation was assumed. As a result of numeri-
cal calculation, the systematic uncertainty in a resonance frequency was estimated
to be 26 Hz. To suppress the systematic uncertainty arising from microwave power
drift, addition of feedback to the system and temperature control of the microwave
cavity are considered. Feedback to a microwave power was studied by using another
synthesizer which has lower frequency range. As a result of feedback trial, power

fluctuation of 0.02 % was achieved in laboratory test. While some modifications are
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Figure 9-5: Drift of the microwave power: (left) monitored microwave power as a
function of measurement time; (right) microwave power distribution. During the
measurement, the microwave signal was switched ON/OFF periodically.

necessary, developed feedback system is planned to be implemented to the signal
generator which is utilized in the experiment. For a case of feedback with 0.02 % of
accuracy, systematic uncertainty due to a microwave power instability is estimated

to be 3 Hz.

9.2.3 Muon beam intensity fluctuation

During the measurement, systematic drift of a proton beam intensity was observed.
Figure 9-7 shows measured proton beam intensity as a function of time. The left
figure corresponds to the number of protons estimated by using the current monitor
located before the muon production target. The right figure corresponds to the proton
beam intensity distribution. By switching the microwave output ON and OFF in a
minute interval, the muonium spin flip signal is free from a systematics arising from

long-periodic temporal variations.

Figure 9-8 shows a trends in the proton beam intensity pulse-by-pulse. In a period
of minutes, drift of beam intensity was 1.6 ppm. This level of intensity drift is safely

negligible in extraction of muonium spin flip signal.
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Figure 9-6: Magnified fluctuation of the microwave power. The slow component of
the drift was caused by thermal deformation of the microwave cavity. The fast one
was caused by microwave circuit instability after the ON/OFF switching. The slow
microwave power changing was corrected by a linear-approximation.

9.2.4 Muon beam profile fluctuation

Through the microwave frequency scan, a possible fluctuation of muon beam pro-
file was estimated. Figure 9-9 shows beam parameters measured by using the muon
beam imager. The left figure corresponds to a beam width, while the right figure
corresponds to a beam center. In both figures, a black circle indicates vertical pa-
rameter, a red circle indicates horizontal parameter. Dashed lines are averages of the
values. For both parameter cases, no significant fluctuation larger than 1 mm was
observed.

In addition, similar study was performed by using the two-dimensional fiber beam
profile monitor. Due to an unexpected operation failure in a readout electronics, only
a certain period of measurement was performed. However, no significant fluctuation
of beam profile was observed during the measurement. Figure 9-10 shows measured
beam width and center as a function of accumulated trigger number. Fluctuation of
the muon beam profile affects spin flip signal via a changing of effective microwave

power. A systematic shift of 1 mm in a beam center gives 0.03% of changing in
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Table 9.1: Microwave power drift in the measurement.

Microwave frequency (MHz) Drift (%)
4463.3 6.3
4463.5 0.9
4463.8 1.1
4464.3 0.8
4464.8 2.5
4463.1 4.3
4462.8 3.1
4462.3 2.5
4461.8 5.6
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Figure 9-7: Proton beam intensity per minutes: (left) proton beam intensity as a
function of measurement time; (right) beam intensity distribution.

effective microwave power. By using the resonance simulator, systematic uncertainty
due to the beam profile fluctuation was calculated. A linear drift of 1 mm in a muon
beam profile center during the frequency scan was assumed. As a result of numerical
simulation, the uncertainty was estimated to be 9.8 Hz. In order to suppress this
systematic effect, an iterative measurement with randomized measurement order is
effective. When an iterative frequency scan with randomized measurement order is

performed, this systematic effect is suppressed to be 2.5 Hz.
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Figure 9-8: Proton beam intensity pulse-by-pulse: (left) proton beam intensity as a
function of measurement time; (right) beam intensity distribution. Red line in the
left figure corresponds to the linear fitting result.

9.2.5 Gas pressure zero-extrapolation

As discussed in Chapter 4, the zero-extrapolation of gas pressure arises the system-
atic uncertainty depends on absolute value of the gas pressure. Estimated systematic
uncertainty was 66 Hz. To suppress the systematic uncertainty origins from gas pres-
sure extrapolation, a silicon gauge which has higher measurement precision is going
to be adopted. Typical precision of a silicon gauge is 0.02 %, ten-folds better than
a capacitance gauge. After an upgrade of a pressure gauge, uncertainties in pressure
dependence parameters are to be improved. To determine gas density dependence
of HFS frequency more precisely, a new measurement at several values of the gas

pressure is planned.

9.2.6 Gas pressure fluctuation

Figure 9-11 shows a trend in gas pressure measured by the capacitance gauge. The left
figure corresponds to gas pressure in a period of 3 hours. The right figure corresponds
to gas pressure distribution in entire duration of the experiment. Fluctuation of the
gas pressure was estimated to be 0.03%. Changing in the muon stopping distribution
and the magnetic permeability of the target gas are negligible. Systematic uncer-

tainty arising from the gas pressure fluctuation was evaluated by using the resonance
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Figure 9-9: Muon beam profile stability measured by the three-dimensional muon
beam imager: (left) beam width; (right) beam center. In both figures, red and
black circles correspond to the horizontal beam parameters and the vertical ones,
respectively.

simulator via the fluctuation of HF'S frequency shift due to the atomic collision. As a
result of numerical simulation, uncertainty in the resonance frequency was estimated
to be 6 Hz. For a case of an improved experiment with the randomized iteration of a

frequency scan, this systematic effect would be negligible.

9.2.7 Gas impurity effect

Para-magnetic impurity causes muon spin depolarization. Measured pressure increase
rate was 0.002 Pa per minute. In a period of 20 hours, 2.4 Pa of pressure increase
was expected. For a case of para-magnetic molecules, 0.4 ppm of oxygen and 0.5 ppm
of nitrogen oxide were expected. According to the cross-sections of spin exchange
interaction between a muonium and a magnetic molecule [65, 66|, expected decrease
of the signal due to the spin depolarization was estimated to be 0.5 % at maximum.
Systematic uncertainty due to this depolarization effect was evaluated by using the
resonance simulator. A linear increase of impurity during a microwave frequency
scan was assumed. As a result of numerical simulation, uncertainty in the resonance
frequency was estimated to be 12 Hz. Non-magnetic gas impurity causes a collisional

shift of the resonance frequency. However, even for a case of water vapor, the most
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Figure 9-10: Muon beam profile stability measured by the two-dimensional muon
beam monitor. (left) beam width; (right) beam center. In both figures, red and
black circles correspond to the vertical beam parameters and the horizontal ones,
respectively. Dashed lines indicate the average.

abundant impurity, expected collisional shift is safely ignored relatively to a collisional
shift by krypton atoms. The depolarization effect origins from magnetic impurities
is suppressed by a frequent exchange of the target gas and a randomization of the
measurement order. In the experiment, a longest duration of gas containment was 20
hours. For a case of a gas exchange in every six hours, the signal decrease due to the
magnetic impurities is suppressed to be 0.15 %. When an iterative frequency scan
with randomized measurement order is performed, this systematic effect is estimated

to be 1.1 Hz.

9.2.8 Detector pileup

A rate-dependent efficiency of the positron detector was estimated in the previous
chapter. At the immediate after a muon pulse arrival, event loss due to signal pileup
was about 20 %. By using the event generator and resonance simulator, this system-
atic effect was evaluated numerically. A rate-dependent event loss probability was
implemented based on a measurement result. Figure 9-13 shows simulated pileup
loss of the time dependent spin flip signal at the HF'S resonance. A histogram in red

lines corresponds to a result with pileup loss while one in black lines corresponds to
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Figure 9-11: Target gas pressure measured by the capacitance gauge: (left) gas pres-
sure as a function of measurement time; (right) gas pressure distribution.

a result without pileup loss. The pileup loss at each microwave frequency detuning

was calculated and the systematic uncertainty was estimated to be 2 Hz.

9.2.9 Total systematics

Estimated systematic uncertainties in the experiment were estimated as shown in
Table 9.2. With the present apparatuses, systematic uncertainty is dominated by a
measurement precision of the capacitance gauge. The second largest contribution is
arising from an instability of the microwave power. For both sources of uncertainty,

an order of magnitude improvements are expected by upgrades.

9.3 Statistical extrapolation and studies for improve-
ment

A high-intensity pulsed muon beam is capable to generate an extremely large number
of muonium relative to a continuos muon beam. However, only a well-designed,
robust measurement system is able to accept the benefit of high-intensity pulsed beam
because of pileup loss and beam-related background. Studies for proof of principle

and improvements to overcome the high-rate environment are discussed.
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Figure 9-12: Abundance of impurities measured by the Q-mass spectrometer. The
horizontal axis indicates a pressure percentage of each mass number in total im-
purities. Oxygen and nitrogen oxide were considered as the sources of muon spin
depolarization.

9.3.1 Statistical precision at the existing facility

At J-PARC MLF MUSE D-Line, the highest beam intensity achieved in the past is
about 9 x 10° muon per second at 600 kW of accelerator operation power. For a case

of 600 kW operation, the beam intensity would be tripled.

In the experiment, half of incident muons stopped on the wall of the microwave
cavity. These wall-stopped muons were major sources of background and to be sup-
pressed. Development of a microwave cavity with larger inner radius is under study.
To enlarge a size of microwave cavity, higher order mode of a microwave resonance
should be excited. The first higher-order candidate is TM220 mode which corresponds
to a diameter of 17.8 cm. The second candidate is TM330 mode corresponds to one
of 27.7 cm. Figure 9-14 shows simulated muon stopping distribution projected on the
cavity section. For a case of a TM330 mode cavity, wall-stopped positrons would be

suppressed to a negligible level.

Figure 9-15 shows simulated the number of positron detection for each diameter
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Figure 9-13: Pileup loss of the muonium spin flip signal as a function of elapsed time
from a muonium formation. The histograms in red and black lines correspond to the
results with and without signal pileup, respectively.

of the cavity. A red circle indicates the number of detected positron from target
gas while a black circle corresponds to one from the cavity wall. For a case of the
cavity with the diameter of 277 mm, a factor of four enhancement of signal yield and

400-fold of suppression of the wall-stopped positron are expected.

Due to the spacial restriction in the magnetic shield, the thickness of an aluminium
absorber was smaller than optimum. To suppress the duct streaming positrons, an
additional absorber is to be installed inside of the gas chamber. An additional alu-
minium absorber with the thickness of 20 mm gives almost no duct streaming positron

to be detected.

To study the detail of duct streaming positrons, a supplemental experiment was
performed at J-PARC MLF MUSE D-Line. Figure 9-16 depicts the experimental
setup. A stainless-steel plate was placed in front of the beam window as a muon
stopping target. Two pairs of scintillation counters were placed beside and behind of
the stopping target. The detectors beside the target is denoted as the side counter
while ones behind the target is denoted as the downstream counter. The downstream

counter detects both duct streaming and decay positrons. On the other hand, the side
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Table 9.2: Systematic uncertainties in the measurement.

Source Contribution (Hz) Future upgrade (Hz)
Microwave power drift 26 3
Gas pressure extrapolation 66 7
Gas pressure fluctuation 6 0
Gas impurity 12 1.1
Muon beam intensity 0 0
Muon beam profile 9.8 2.5
Static magnetic field 0 0
Detector pileup 2 2
Total 73 8.3
81 mm diameter 178 mm diameter 277 mm diameter
—~ s0 — 20 204 1
g = R g3~ t
. = - %
20960 -150 -100 50 0 50 100 150 200 ° “200 -150 -100 50 0 50 100 150 24;0 0 20%‘0“‘1‘5&)’“1'0‘0‘“56‘“6““56“‘iéo‘“iéo‘“éq}m
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Figure 9-14: Muon stopping distribution projected on the microwave cavity section
for three types of the cavity radius.

counter detects only decay positrons except for few scattered streaming positrons.

Figure 9-17 shows a relative yield of positron measured by the downstream counter
and the side counter. A red circle indicates a result by the downstream counter, a
black circle indicates one by the side counter. For a case of an absorber with the
thickness of 30 mm, contributions from decay positron and duct streaming positron
are mostly equivalent. For a case of the thickness of 60 mm, no significant contribution

from duct streaming positron was observed.

In the spectroscopy experiment, a trial for high-rate measurement was performed
at the microwave frequency of 4462.3 kHz. Figure 9-18 shows a comparison of ex-

tracted muonium spin flip signal between a high-rate case and a moderate-rate case.
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Figure 9-15: The number of muon stopping as a function of the cavity diameter. Red
and black circles correspond to the number of muon stopped in the target gas and
inner wall of the microwave cavity, respectively.

Extracted spin flip signal was consistent with each other. Hence, the positron counter
is capable of an experiment in a three-fold of high-rate environment. This result cor-
responds to the highest beam intensity at the existing facility.

When these improvements are collected, more than a ten-fold of improvement in
statistical precision is expected. Table 9.3 summarizes improvements arising from

each upgrade. The resonance lineshape shown in Fig. 9-2 was obtained in a period of

Table 9.3: Expected improvement in statistical precision.

Modification Improvement in precision
Beam power 600 kW 1.7

Duct streaming elimination by an absorber 2
Enhancement of target stop by a larger cavity 1.7
Suppression of wall-stop contribution by a larger cavity 2

Total 11.6

8 hours. On the other hand, the precursor experiment achieved 1.4 kHz of statistical
precision in a span of 600 hours [46]. When a similar measurement duration to the

precursor experiment is assumed, a factor of one hundred improvement in statistical
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Figure 9-16: Experimental setup for the duct streaming positron measurement. Two
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muon stopping target. An aluminum absorber was placed between the target and the
detectors.

precision is expected. This improvement corresponds to the statistical precision of

218 Hz, i.e., the world highest precision in direct determination of muonium HFS.

9.3.2 Future prospects at the new facility under construction

At J-PARC MLF MUSE, a brand-new beamline H-Line is under construction. H-Line
has a large solid angle and expected to have a well focused beam spot [64]. For a case
of a mega-watt proton beam power, 1 x 108 muons per second is expected at H-Line.
This highest-intensity muon beam provides 33-fold of incident muons relative to the
case of 200 KW beam power at D-Line.

To overcome the extreme-high event rate, several types of measures were consid-

ered as follows.

1. The timing structure of the muonium spin flip signal is adjustable by the opti-

mization of the microwave power. Especially, a peak position of the oscillating

189



~ =
= C
e 1 @ Downstream counter
T, 016 - S P S SR Ttt SRR
o » : ® Side counter
o) 014 = e NS SRS S
S a ;
2 - é
8 0_12__ .......................................................................................................
i~ - ;
(] e sandions
z O
w 3
T) 0.08 :_ - o S0 W e e o 548 4 e S a AR A S W B i A Sen e e e Ve e e BN NE R B SRR e s 0 R b e
006‘,__ - o 0 0 0 A 0 A e N
0.04 S
0.02f- R : :
0: | Ll | [ , S R S T T l L ® |
0 20 40 60 80 100 120
Absorber thickness (mm)

Figure 9-17: Suppression of the duct streaming positron by an aluminum absorber.
Red and black circles indicate the positron yield measured by the downstream counter
and the side counter, respectively. The downstream counter measured the duct
streaming positron and the decay positron from muon stopping target. The side
counter measured only the decay positron from the target.

signal depends on the maximum strength of the microwave field. The relatively
low microwave power makes the peak position being late in time. Even the sig-
nal intensity is reduced at the low microwave power, the width of the resonance

lineshape becomes narrower at the same time.

2. The timing integration range for the time dependent spin flip signal analysis can
be optimized. For a case of the signal shown in Fig. 8-28, the second peak in the
oscillating signal is about 2 us later than the first one. The analysis utilizing only
long-lived muons in a finite time interval leads a narrower resonance linewidth

than a natural linewidth [67].

3. Upgrade of the readout electronics for the positron detector in under study. A
new version of the ASIC was developed in order to improve the high-rate capa-
bility of the detector. Pole-zero-cancelation was implemented in the amplifier

and no signal undershoot is expected.
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Figure 9-18: Comparison of the muonium spin flip signal as a function of event rate.
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vertical axis indicates the time integrated signal of the muonium spin flip.

4. Pileup correction under a high rate environment was studied. Figure 9-19 shows

simulated event loss as a function of the maximum event rate at each detector

segment. The muon beam intensity of 1.2 x 107 muons per second was assumed.

The ordinate axis indicates the number of lost positrons per pulse. A pileup

correction function was obtained by polynomial fitting. Figure 9-20 presents a

result of the pileup correction where the abscissa indicates the relative statistics

normalized by the total number of incident positrons. After the pileup correc-

tion, the systematic uncertainty in the resonance frequency determination was

estimated to be 2 Hz.

For instance, by combining the measures 2 and 4, the muon beam intensity of 2.4 x 107

muons per second is acceptable. This result corresponds to an eight-fold of the current

beam intensity. Further improvements are possible with the measures 1 and 4.

As medium-to-long term prospects, an indirect measurement of muonium HFS in

a high magnetic field is under study. Similar to the experiment reported the highest

precision of muonium HFS [10], a super-conducting solenoidal magnet is utilized
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Figure 9-19: Simulated pileup loss as a function of the maximum instantaneous event
rate. Red line indicates the fitting result with a polynomial function.

to generate a magnetic field of 1.7 T. A magnetic field causes Zeeman splitting of
muonium energy levels. Two transition frequencies between sub-levels are measured.
Experimental principle and for the most part of the apparatuses are common with
the experiment at zero magnetic field. In particular, the positron detector and the
fiber beam profile monitor described in this thesis are applicable as it is because they
are tolerant to a presence of high magnetic field. The three-dimensional beam imager
is also utilized after minor modifications for use in a magnetic field.

For a case of an experiment in a high magnetic field, positrons from muonium
decay are converged by the magnetic field. This focusing effect gives the quadruple of
positron statistics relative to a case at zero magnetic field. An external magnetic field
recovers the muon spin polarization. Mostly, 100% of spin polarization is expected at
the magnetic field of 1.7 T. The signal height at the resonance is twice as large as one
at zero magnetic field because the muonium energy levels are completely degenerated
and no mixing of the states is expected. The experiment at a high field requires twice
longer of measurement period for two independent transition frequencies. The most
precise value of muonium HF'S obtained ever is 53 Hz. In order to realize an expected

precision with the highest-intensity pulsed muon beam, an upgrade of the positron
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Figure 9-20: Simulated pileup correction. The histograms in red and black lines
correspond to the results with the pileup correction and without the correction, re-
spectively.

detector and optimization of measurement condition are in progress. In contrast to
the zero field case, the uniformity of static magnetic field is one of the major sources
of systematic uncertainty in a high field experiment. A passive shimming is applied
to the super conducting solenoid to prevent the non uniformity of the magnetic field
[68].

The measurement at zero magnetic field and one in a high field are complemen-
tary experiments because they have different types of systematic uncertainties and
sensitivities to a Lorentz violating interaction [69]. Therefore, both experiments will
be prepared as an exploration of the frontier in precision muonium spectroscopy at

the new facility to be constructed.
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Chapter 10

Conclusion

Through the studies described in this thesis, a new precision spectroscopy of the
muonium ground state hyperfine splitting was explored. To overcome a limitation
in the statistical precision achieved by the precursor experiment, the world highest-
intensity pulsed muon beam was utilized. The development of the high-rate capable
positron detector enabled to accept the statistical benefit of the high-intensity pulsed
muon beam without increase of systematic uncertainties. Both experimental and
computational approaches to the estimation of systematic uncertainties provided an
understanding of the uncertainties and a suitable means to control the systematics.
The reconstruction of the three-dimensional muon stopping distribution in the target
gas by the muon beam imager was highly effective to optimize the beam and target
conditions. The magnetic shield provided a static magnetic field sufficiently close to
zero from the aspect of muonium energy levels splitting.

The muonium HFS resonance was successfully observed and the essential foun-
dation of the new methodology was established. Obtained result of the muonium
HFS interval was Av = 4.463292(22) GHz which corresponds to 4.9 ppm of rela-
tive uncertainty. The result was consistent with one by the precursor experiment.
Simulation study bolsters that more than tenfold of improvement is expected from
the suppression of the wall-stopped muons and the duct streaming positrons. These
improvements are achieved by the simple modifications of the apparatuses; enlarge-

ment of the microwave cavity and increase of the absorber thickness. The positron
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detection system is able to accept a higher beam intensity at least not less than eight
times. This high-rate capability is good enough to accept the highest beam intensity
at existing facility and further improvement was studied towards the future upgrade
of the beamline. It is feasible to exceed the result of the precursor experiment by an
accumulation of unequivocal steps. Furthermore, the developed methodology has a
large potential for the expansion of precision muon physics where the high-intensity
pulsed muon beam is applicable.

Systematic uncertainty in the measurement was estimated to be 73 Hz. This
value is sufficiently smaller than statistical errors in both this experiment case and
the precursor experiment case [46]. However, it is nearly equivalent to the order of
total uncertainty in the most precise result obtained by an indirect measurement at
a high magnetic field [10]. Towards the realization of the highest precision, room
for improvement in major sources of the systematic uncertainty were studied. An
order of magnitude improvement is expected by adaptation of the microwave power
feedback and a precise silicon pressure gauge.

In conclusion, the experiment succeeded in the world’s first demonstration of muo-

nium HFS spectroscopy utilizing the high-intensity pulsed muon beam.
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