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Abstract

A new experiment searching for µ−-e− conversion in nuclear field by fully utilizing the
high-power pulsed proton beam available at J-PARC Material Life Science Facility
(MLF) is proposed. A Monte Carlo simulation whose validity was confirmed by a
test measurement indicates the muonic carbon atom formation rate in a muon target
of J-PARC MLF being approximately 1010/sec for 1 MW operation of a J-PARC
booster (RCS). With this high formation rate of the muonic atoms, it is possible to
perform a competitive search for µ−-e− conversion in nuclear field.

The sensitivity of the measurement is 1.5×10−14 for silicon nuclei after 2×107 sec
of the physics run if a H-line with large acceptance for 105-MeV/c electron is built
in timely manner. The discovery potential of seeing the signal beyond the Standard
Model is very high.
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Chapter 1

Introduction

Lepton flavor invariance, which was a feature of the original Standard Model (SM)
a priori, no longer holds since observations of neutrino oscillations have been firmly
established[1]. This fact generally implies the existence of lepton-flavor violation in
charged sector (CLFV) due to the mixing of neutrino flavors in the intermediate state.
However the strength of such a process is suppressed by a GIM-like mechanism to the
level of 10−60[2] far beyond experimental accessibility. Because CLFV is practically
still forbidden in the framework of neutrino-oscillation-extended SM, the experimental
observation of CLFV would signal the existence of extraordinary new physics beyond
the SM.

Numerous theoretical models describing the physics beyond the SM give pre-
dictions for the branching ratios of CLFV processes[3, 4, 5]. One such model, for
example, is based on the combination of a supersymmetric model (SUSY) with a
see-saw mechanism by right-handed heavy neutrino[6]. An interesting mass range
of the right-handed heavy neutrino could be explored by CLFV experiments such
as µ → eγ and µ−-e− conversion in nuclear field. Therefore experimental studies
of these processes will certainly help to understand the structure of neutrino sector.
Another model based on SUSY Grand Unified Theory[7, 8] also gives predictions for
the branching ratio of µ → eγ and µ−-e− conversion in nuclear field. In this model,
relatively a large top-quark mass results in rather larger radiative corrections to the
slepton mass matrix, and the off-diagonal elements of the slepton mass matrix be-
come sizable. As a result, smuon-selectron mixing in the intermediate state of the
processes might induce CLFV, and calculations show the branching ratios being only
a few orders of magnitude below the current experimental limits. Figure 1.1 shows
an example of theoretical calculation for the decay branching ratio of µ → eγ shown
as a function of the muon anomalous magnetic dipole moment [9]. Appropriate as-
sumptions on SUSY parameters and GUT relations, and constraints from B-physics
experiments are applied in this calculation. The corresponding branching ratio for
the µ−-e− conversion is added on the right by assuming a dominant contribution by a
photon exchange as explained below. It can be clearly seen that the µ−-e− conversion
above 10−14 is strongly favored in this scenario.

It is naively concluded that, if the µ → eγ process exists, the µ−-e− conversion
in nuclear field should exist at the branching ratio of about α× Br(µ → eγ) where

1
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Figure 1.1: Expectation for B(µ → eγ) vs. δaµ=(gµ-gSM
µ )/2 with appropriate as-

sumptions on SUSY parameters and GUT relations. Taken from [9]. The shaded
area shows the recent measurement of ∆aµ[10].

α is the fine structure constant. This is because the photon exchange contributes to
the µ−-e− conversion in nuclear field as shown in Figure 1.2. There are, of course,
potential differences in the type of interactions mediating µ → eγ and µ−-e− con-
version in nuclear field; there is a possibility of other particle exchanges like Higgs
bosons contributing to the µ−-e− conversion in nuclear field[11]. In these cases, the
branching ratio of the µ−-e− conversion in nuclear field will be well larger than α×
Br(µ → eγ). This means that performing searches for both processes (and others)
is very important to maximize the discovery potential, and even after a discovery
of CLFV in any process, other studies will stay complementary and provide indis-
pensable information to understand the details of CLFV process and physics source
behind that.

While experimental searches for CLFV processes have been extensively performed
using many processes such as muon decays and reactions, tau decays, kaon decays,
etc, muons have provided the highest sensitivity. Figure 1.3 shows a history of ex-
perimental limits ever achieved for different processes including leptons; Table 1.1
shows the current limits on CLFV from several muon experiments. The reason why
muons are suited for CLFV search experiments, as seen in the figure, can be simply
explained by two features: higher muon production rate and the long muon life time.
The current best limit of the µ−-e− conversion in nuclear field is set by the SINDRUM
II collaboration at 7×10−13 using a gold target [17]. A leading experiment searching
for µ+ → e+γ at the level of 10−13 is on-going at Paul Scherrer Institute (MEG)
where the world’s most intense DC muon beam is available. The MEG experiment
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Figure 1.2: LFV processes of the muon. (a) µ → eγ and (b) µ−-e− conversion in
nuclear field.

Table 1.1: Present limits on CLFV from muon experiments.

Reaction Present limit Reference
µ+ → e+γ < 1.2 × 10−11 [13]
µ+ → e+e+e− < 1.0 × 10−12 [14]
µ− + Ti → e− + Ti < 4.3 × 10−12 [15]

(< 6.1 × 10−13) [16] unpublished
µ− + Au → e− + Au < 7 × 10−13 [17]

has published first result in 2010 [18] and new result with more statistics to go beyond
the current experimental limit is expected in near future [19]. Based on the expected
sensitivity of the experiment and theoretical predictions as introduced above, this
experiment may have a real chance of a discovery. Even when the MEG would not
find any signal, it is true that the MEG result will restrict more strongly the new
physics beyond the SM.

There are several muon experiments planned with equivalent sensitivity to or
better than the SINDRUM II and MEG experiments. Among these, µ−-e− conversion
in nuclear field i.e. the neutrinoless muon capture reaction µ− + A(N,Z) → e− +
A(N,Z) is highly favorable for future study because a wide range of new processes
involving both quarks and leptons may contribute to make this reaction sizable. Note
that the search for µ−-e− conversion in nuclear field is experimentally advantageous
compared to the µ → eγ search because the signature involves only a single mono-
energetic electron for which backgrounds are expected to be quite low. Furthermore
the experiment does not suffer from random coincidence backgrounds as in the case
of the µ → eγ search. Figure 1.4 shows an example prediction of the decay branching
ratios of µ → eγ and µ−-e− conversion in Little Higgs model. In this model, unlike
the SUSY case, box and penguin diagrams give leading contribution to the µ−-e−

conversion amplitude, resulting in a favored region of BR(µ → e;N)> 10−14 and a
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Figure 1.3: History of experimental limit improvement of CLFV processes [12].

relation of the branching ratios of Br(µ → e; N)∼Br(µ → eγ).

Two major new experimental enterprises aiming to search for µ− + Al → e− + Al
at a level of 10−16 have been proposed at J-PARC (COMET[21]) and Fermilab
(Mu2e[22]). These experiments are really challenging projects and require extraordi-
nary financial and technical investments, resulting in a decade to mount and operate
the experiments. In particular realization of the necessary pulsed-proton beam for
these experiments requires tremendous effort. If the required performance of the
beam were not realized, those experiments would not be able to reach their target
sensitivity. In these circumstances an opportunity exists to improve the sensitivity
with modest cost and a near-term time scale at the J-PARC MLF where the world’s
most intense pulsed-muon beam is available.

We propose to search for the µ−-e− conversion in nuclear field at J-PARC MLF
with a sensitivity of 10−14, two orders of magnitude below current limits. The exper-
iment will be conducted by using the muon beam provided at MLF. Our intention
is to realize the experiment in a timely manner by making a use of the MLF muon
target system as a muon-stopping target to form muonic atoms, and the muon beam
line as a detector-rate suppressor to make the detector functional under very high
rate of the muonic atom formation.
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Figure 1.4: Prediction of the branching ratio of µ−-e− conversion and µ → eγ in
Little Higgs model [20].

A CLFV signal may be seen in near future by experiments which improve the
current limits. It is conceivable that the CLFV signal lies waiting to be discovered
right under the current limit. A new experiment searching for µ−-e− conversion in
nuclear field at the 10−14 level would be a highly competitive addition to the field
especially for the case when the MEG discovers the signal at 10−12.



Chapter 2

Overview

The key idea of the proposed experiment is to utilize the muonic atom that formed
in the production target itself, and use the ordinary secondary beamline to extract
electrons coming from µ− +A(N,Z) → e− +A(N,Z) reaction in the production target.

2.1 Experimental Apparatus

The experimental apparatus is divided into several components as shown below.

Target Region A part of low-energy pions produced by the primary proton beam
will decay in flight to muons only within a few centimeters after the production. Some
of muons from the pion decay-in-flight will stop in the production target itself.

The muonic atom yield in the production target will be 1010/sec for 1-MW op-
eration of the J-PARC Rapid-Cycle-Synchrotron booster (RCS). The material of the
production target will be silicon carbide so that 70% of µ− can be atomic-captured
by silicon atom.

Secondary Beamline An ordinary secondary beamline will be used for extracting
105-MeV/c electrons from the target. There are huge amount of Michel electrons and
positron from µ± in the target, but most of them are blocked by the secondary beam-
line. In order to increase the statistical significance, the beamline should transport
the 105-MeV/c electrons with high transport efficiency.

Kicker System There will be a huge number of electrons promptly produced by
the primary proton hitting the production target. One of such production process
would be p + N → π0N ′, π0 → γγ and γ → e+e− in material, for example. The rate
of such prompt electrons is estimated to be 107 per proton pulse. If these electrons
hit the detector, it will be blinded for while and will miss the chance to detect the
delayed signal electrons. The kicker system is used to reduce the rate of the prompt
electrons by factor 103–104.

6
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Detector The detector system should measure the electron momentum with 0.5%
(rms) of resolution in order to distinguish the signal from the decay-in-orbit back-
grounds. It also has to withstand the prompt electrons up to 104 per pulse. Since the
size of electron beam is about 200 × 200 mm, the instantaneous rate of the prompt
electrons is about 0.25 MHz per mm2. It is very high but still within the reach of the
existing technology of the gas wire chamber.

Plastic scintillation counters can be operational even after 103 of prompt burst
if the gain of photomultipliers is lowered by changing the high voltage of grid and
dynodes (gating-grid PMT) during the prompt burst.

2.1.1 Muonic Atom Formation in a Muon Production Target

When a high intensity proton beam from the MLF hits a production target, a huge
number of pions is copiously produced. The energy distribution of these pions shows a
very diverse spectrum ranging from very low energy to high energy, and the production
yield of low energy pions is quite large. Some of those low energy pions stop in the
production target itself and decay to muons by π+ → µ+νµ decays. Since the energy of
those decay-at-rest muons is only 4 MeV and the range is not longer than 0.1 g/mm2,
most of those muons do not emerge out of the production target. However, muons
from the pions stopped in the very thin surface layer of the production target can
emerge out of the target. This is the mechanism of how “surface muons” are produced.
Since the yield of low energy pions is very large, the yield of surface muons is also large.
For example, the typical yield is about 108/sec at the PSI πE5 beamline (150 msr,
∆p/p = 10%).

The probability of 4 MeV muons emerging out of the muon target in J-PARC
MLF is calculated to be only a level of 10−3[23]. Assuming the acceptance of typical
beamline to be 10−2, the number of µ+ stopped in the production target should be a
level of 1013/sec or more.

It is well known that the “surface µ−” does not exist because the parent particle
π− is promptly absorbed by the target nucleus after it stops and does not decay to
muons. However, low energy pions in flight will decay and produce low energy µ−s.
These muons are called “cloud µ−”, and it is known by experience that the yield of
cloud µ− is about 2% of the surface µ+ when observed by a typical beam line.

Some fraction of the low energy cloud µ− produced around the target stops in
the target. Then, those µ− will from muonic atoms. By taking into account the µ+

stopping rate (∼ 1013/sec), the ratio of cloud-µ− to surface-µ+ (∼2%), and material
near the target, the yield of muonic atom formation at a level of 1010/sec, could be
anticipated. The actual yield of the muonic atom should depends on the geometry of
target region. The details of the muonic atom formation rate in the muon target at
MLF will be discussed in Chapter 3.

2.1.2 µ-e Electrons from the Muon Production Target

Once muonic atoms are formed in the production target, one of following processes
will occur:
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1. Muon decay in orbit (DIO): µ− → e− νµ νe,

2. Muon capture (MC): µ− + A(N,Z) → νµ + A’(N,Z-1) or

3. µ-e conversion in nuclear field (MEC): µ− + A(N,Z) → e− + A(N,Z).

The former two processes are well described within the SM, but the last process,
MEC, is a CLFV process that the experiment described here is searching for. Since
the overlap of µ− wave function and the target nuclei causes both MEC and MC
processes, the strength of the MEC process is normalized to that of MC:

BR(µ− + A(N,Z) → e− + A(N,Z)) ≡ Γ[µ− + A(N,Z) → e− + A(N,Z)]

Γ[µ− + A(N,Z) → νµ + A’(N,Z-1)]
.(2.1)

Muons those undergo DIO process do not contribute to MEC search, but just be
wasted and produce the backgrounds. Since the fraction of DIO becomes less as
atomic number of target nuclei increases, heavy nuclei is better than light one from
that point of view. For examples, the fraction of MC is only 8% for carbon, and
almost 70% for silicon.

Now, both DIO and MEC processes emit electrons. The electron from MEC is
mono-energetic at Emax, where Emax is given as:

Eµ = Emax +
E2

max

2MA

, (2.2)

Eµ = mµ − Bµ . (2.3)

MA is the mass of the target nucleus, mµ is a mass of muon and Bµ is a binding
energy of µ− in the Coulomb potential of the muonic atomic. The Emax is 105.1 MeV
and 105.0 MeV for 12

6 C and 28
14Si, respectively. On the other hand, the electron energy

from DIO shows continuous spectrum from 0 MeV to Emax, and the spectrum falls
steeply above mµ/2. The spectrum shape near Emax is very steep and known to be
approximated by (Emax − Ee)

5[24]. Therefore, the contamination of DIO electrons
to signal electrons can be suppressed by raising the lower energy threshold in the
signal-electron detection.

The amount of DIO near the end-point energy is less for the light nuclei if the
process is normalized to the total number of DIO[25]. However, if it is normalized to
the total µ− atomic-captured, then it becomes much larger in the light nuclei since the
fraction of µ− going DIO overwhelm that of MEC. For examples, the fraction of DIO
per MC at Ee > 102 MeV/c is 5.5 × 10−14 for carbon and 1.1 × 10−14 for aluminum.
This fact actually affects the selection of proper material as the muon stopping target,
thus the optimization of the target region. The details will be described in Chapter 3.

The second feature of MEC electron is its timing. Since MEC electrons are emitted
by µ− bound in material, they show an exponential time spectrum, e−t/τ , where τ
is a µ− lifetime in the material. Since µ− disappears through either DIO or MC,
the lifetime becomes shorter than the life time in free space where MC does not
contribute. The µ− lifetime in carbon is 2.03 µsec, and that in silicon is 0.76 µsec.
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It is noteworthy that they are indeed shorter than the lifetime in free space but still
longer than the time scale of electromagnetic and strong interactions.

There are many sources of 105-MeV electrons from the production target other
than DIO, but all of them are from either electromagnetic interactions or strong in-
teractions followed by electromagnetic interactions. One example is π0 → γγ followed
by γ converting to e−e+. Those electrons are promptly emitted after proton hitting
the target. This contrasts with the delayed emission of electrons from µ− in material.
Actually, the source of the delayed electrons whose time scale is the order of the muon
life time is only from muon decay. Because of this, if there is any electron emission
with energy Emax delayed by µsec order after proton hitting the target, it is a signal
of MEC.

The potential source of background may be from late arriving protons hitting the
production target. In order to suppress those kind of backgrounds, the late-arriving
protons should be suppressed as less as 10−17 of on-timing protons. This suppression
factor is certainly extremely small, but there is no reason why it can not be achieved
in the fast extraction from J-PARC RCS. This will be discussed in Chapter 7.

2.1.3 Detection of µ-e Electrons

The µ-e electrons produced in the muon production target can be extracted by a
secondary beamline. This secondary beamline has the following functions:

1. to extract high momentum 105-MeV electrons

2. with large solid angle to increase the physics sensitivity,

3. suppress the DIO electrons, and

4. eliminate the prompt burst by a kicker system.

An example of the beam line is a D-line currently exist in J-PARC MLF Muon Science
Facility. It can be operated up to 120 MeV/c, which satisfies the 1st requirement
above, and the geometrical acceptance is about 30 msr1. The D-line consists of three
dipole magnets, and almost completely eliminate low momentum particles. A pulse
kicker system will be installed at the end of 2010.

Although it is possible to perform the experiment at D-line, the physics sensitivity
is limited by the smallness of overall transport efficiencies of the beam line. Since
it is critically important to increase the acceptance of beamline, a new beamline
using the High-Momentum Decay Muon port, H-line, is considered. The physics
sensitivity at the new beam line could be almost an order of magnitude better than
the measurement at the D-line.

1for the point-like source, but much smaller for the finite-sized source
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Table 2.1: Target configurations.

As it is wide carbon wide SiC
Muon Production Target Material C C SiC
Muon-Stopping Nuclei C C Si
Nµ-stop (×109/proton) 10 15 15
fC 1 1.0 0.7
fMC 0.08 0.08 0.66
ε(Time Window) 0.75 0.75 0.49
FoM 0.6 0.9 3.4

Table 2.2: Beamline configurations.

D-line D-line (updated) H-line
Note — new DSEPTUM —
Geometrical Acceptance 30 msr 30 msr 110 msr
Transmission Efficiency 30% 60% 100%
Average Acceptance 10 msr 18 msr 110 msr

2.2 Experimental Configurations

The measurement can be performed in various configuration sets, they are different
in the total cost, sensitivity and schedule. The configuration can be chosen by a
combination of the target configuration and beamline selection.

2.2.1 Target Configuration

Table 2.1 summarizes three typical configurations of the target region. The highest
figure-of-merit is obtained when the material of a currently-planned rotation carbon
target is replaced with Silicon Carbide (SiC), and the outer radius is extended by
20 mm.

2.2.2 Beamline Selection

As it will be discussed in details in Chapter 4 and 5, the overall acceptance is almost
one order of magnitude higher in H-line. Table 2.2 shows three potential configura-
tions of the beamline.

2.2.3 Figure of Merit

Taking the combination of the target merit and beamline merit, the less sensitive
option is to use a rotation carbon target with the current D-line without any modi-
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fications. The single event sensitivity (S.E.S) after running 2 × 107 s is 6.5 × 10−13,
which is almost the same to the current upper limit given by SINDRUM-II[17]. How-
ever, in case of not seeing any events, the upper limit will be given by 2.3 × S.E.S,
and it will be worse than the SINDRUM-II gold measurement.

The most sensitive option is to use the SiC rotation target with H-line. The S.E.S
will be 1.5× 10−14 after running 2× 107 s of data taking. The construction of a new
H-line is necessasry.



Chapter 3

Target Region

In the target region, the following three processes will be taken place:

• π− are copiously produced by primary proton beam,

• π− decay to µ− in flight, and

• µ− stop in a muon stopping material,

where the muon stopping material is the primary proton target itself in our case.
The best design of the target region is basically the one that gives the highest

yield of the muonic atom, but the beamline acceptance of the e− from MEC should
be also taken into account. For this purpose, the figure of merit of the target design
is defined as:

FoM = Rπ− × fπ−→µ−stop × fC × fMC × fµ−e × Aµ−e , (3.1)

where Rπ− is π− production rate, fπ−→µ−stop is a probability of π− that produce µ−

stopping in the production target, fC is a probability of µ− that atomic-captured by
the atom of interest, fMC is a fraction of µ− that goes to the muon capture process,
fµ−e is the relative strength of the µ-e conversion process, and Aµ−e is the acceptance
for 105-MeV/c electrons. The estimation of those factors and the optimization of the
FoM will be described in this chapter.

3.1 Target Assemble in the Muon Science Facility

A muon production target in the Muon Science Facility, MLF at J-PARC, is made of
an isotropic graphite (IG-43) with a thickness of 20 mm. The thickness is limited so
that the loss of the primary proton should be less than 10% for the neutron facility
located downstream of the muon production target. Figure 3.1 shows image of the
muon production target currently in use. The graphite is shaped as a disk, and the
diameter is 70 mm. The edge of the graphite disk is surrounded by a frame made
of copper with stainless steel tubes buried in for the water cooling. The heat load
will be 3.3 kW and 0.6 kW in the graphite and in the frame, respectively, when the

12
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Figure 3.1: The left panel shows a schematic drawing of the target assembly currently
in use. The right panel shows a picture of the target. This figure was taken from [26].

primary proton beam power becomes 1 MW[26]. The temperature of the center of
the graphite disk will be 1500◦C. The radiation dose at the center of the graphite will
be 1 dpa/year maximum[27].

The graphite IG-43 will shrink by 1% per 1dpa of radiation, and it causes extra
tensor force in the graphite. Therefore, this muon production target should be re-
placed in every half year under 1 MW operation. In order to overcome this difficulty,
another design of the target is currently underway. Figure 3.2 shows schematic draw-
ing of the new target. graphite ring is attached around a rim, and the ring will be
rotated at 5 r.p.m. The heat load to the graphite ring will be 4 kW under 1-MW RCS
operation, and the target ring is cooled by heat radiation. The size of the graphite
ring is 350 mm outer diameter, 250 mm inner diameter and 20 mm thickness. The ex-
pected maximum temperature of the graphite is 1000 K. The life time of the rotating
target is designed to be 10 years.

The new target will be installed in the muon facility within a couple of years before
the life time of the current fixed target comes to the end. The proposed experiment
will be in operation with the rotation target.

3.2 Pion Production Rate

If the pion production cross section is well known, the factor Rπ− can be easily
calculated once the primary proton energy, power and the material and the geometry
of the production target are defined. The difficulty of the calculation actually lies
down the uncertainly of the cross section. In order to minimize the uncertainly, the
Rπ− was estimated by using three different methods, and double-checked with an
actual measurement.
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Figure 3.2: The schematic design of the rotation-type muon target, which will replace
the current fixed-type target.

3.2.1 Estimate of the Pion Production by using Be Data

A measured pion production cross section by 2.9 GeV proton on a Be target was
reported by P.A. Pirone et al.[28]. Figure 3.3 shows the pion production cross section
from their study. Solid curves in the figure are from an empirical formula as follows:

d2σ

dEdΩ
[µbarn/MeV · sr]

=
80 × 40aE

(33 + 1200a + 40aE)(1 + exp(40aE/60 − 2))(1 + exp((E − 1000)/200))
,(3.2)

where

a = 0.001 + 0.02 tan θ1 , (3.3)

θ1 =

{
θ

1.5
(θ < 90◦)

0.32(θ − 90◦) + 60◦ (θ > 90◦) ,
(3.4)

and E is in MeV. This formula was introduced by Ishida in his surface muon yield
calculation[23] for the design of the MLF Muon Facility. By integrating this cross
section for all directions and up to 400 MeV/c of pion momentum, the total cross
section becomes 50 mb. This corresponds to the total pion production rate being
2 × 1013 for 1 MW of proton beam on the muon target at MLF (20 mm thickness
graphite).
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Figure 3.3: Pion production cross section by 2.9 GeV proton on Be target.

3.2.2 Estimate of the Pion Production by using HARP Data

HARP is an experiment measuring charged pion production for various proton ener-
gies and materials. The cross sections of pion production by 3 GeV/c–12 GeV/c pro-
tons on carbon target are available[29]. The double-differential cross section of π− pro-
duction by 3 GeV/c on carbon for 0.95 < θ < 1.15 and 0.10 GeV/c < pπ < 0.15 GeV/c
is

d2σ

dpdθ
= 0.038 ± 0.013 barn/GeV/c · rad (3.5)

Integration over 0.95 < θ < 1.15 and 0.10 GeV/c < pπ < 0.15 GeV/c gives σ =
0.4 ± 0.1 mb. The pion production cross section from Eq. (3.2) for the same kinetic
region is 0.9 mb. They are consistent within factor two.

3.2.3 Estimate of the Pion Production by Geant4

Geant4 is a Mote Carlo simulation code to estimate interactions and transports of
particles in matter[30]. In the Geant4, hadron interaction is not built in, and user has
to prepare for the hadron interaction code. There are many different hadron codes
available, and the choice depends on the purpose of the application. QGSP BERT HP
is one of such codes, and was reported to be the best for pions and protons at low
energy (< 0.7 GeV)[31]. Other report stats that QGSP BERT is not the best but
usable[32], but QGSP BERT HP is an improved version of QGSP BERT and this
statement may be no longer valid.
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In order to evaluate the pion production rate, A Monte Carlo calculation using
Geant4 with QGSP BERT HP was performed. Figure 3.4–3.5 show the pion momen-
tum spectra at birth by 3-GeV protons on the carbon target, displayed in different
angle bins for π+ and π−, respectively. The result of HARP measurements are also
shown in the plots. The result from QGSP BERT HP shows fairly good agreement
with HARP data. The disagreements are larger in forward region, especially in
higher momentum region p > 200 MeV/c. However, as shown in the next section,
the momentum of negative pions that produce negative muons from decay-in-flight
and the muons stop in the production target itself is mostly less than 200 MeV/c. In
that momentum region, HARP and QGSP BERT HP show very good agreement.

Based on this result, we decided to use the Geant4 with QGSP BERT HP for
the following studies. The difference between HARP result and Be data estimation
is not understood, but the estimation with Geant4, which is consistent with HARP,
gives lower yield than the Be data estimation. Our estimation is very unlikely to be
overestimate.

3.3 Stopped Muon Production Efficiency

The factor fπ−→µ−stop is mostly determined by the geometrical configuration of the
target section, such as the target shape, size, thickness. It also mutually depends
on the direction and energy of the produced pions. Therefore, The Monte Carlo
calculation using Geant4 was performed to estimate Rπ− × fπ−→µ−stop at once. The
hadron code used for the estimation was QGSP BERT HP as was explained previ-
ously. Figure 3.6 shows the production momentum spectrum of π− which produce
µ− stopping in the production target. Only those low momentum pions can decay
in flight to low energy muons, where the muons can stop in the production tar-
get. The results are Rπ− × fπ−→µ−stop = 7.6 × 109/sec in the Graphite disk of the
fixed-type muon production target for 1 MW operation of J-PARC RCS. It will be
Rπ− × fπ−→µ−stop = 10 × 109/sec in the graphite ring of the rotation-type target for
1 MW operation. Figure 3.7 shows 3D model of the rotation target implemented in
Geant4. The outer rim(20 mmt, inner radius 132.5 mm, outer radius 167.5 mm) is
made of graphite and the primary proton hit 17.5 mm from the lower edge of the
outer rim. The size of the proton beam is 25 mm diameter.

In the D-line, size of source should be smaller than 20 mm radius. Any particles
coming from the outside of this area would not be transported down to the detector
area. In the H-line, it will be larger than that of D-line and will be 30 mm radius.
Therefore, the target material should cover the 30-mm radius area around the sec-
ondary beamline axis in order to maximize the experimental sensitivity. In order to
estimate the effect of the target size, the Geant4 calculation was also performed with
a slightly wider size of the graphite ring: outer radius 187.5 mm, which corresponds
to 35 mm of source radius, and large enough to cover the source area of the H-line.
Table 3.1 shows the results of these calculations. The yield of the muonic carbon
atom is larger in the rotation target since the volume of the graphite ring is larger
than the volume of graphite in the fixed-type target. Please note that this large
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Table 3.1: Yields of muonic atoms produced by 1MW of 3-GeV proton beam hitting
the muon production target.

Configuration Rπ− × fπ−→µ−stop (/s·MW)
The present fixed target 7.6 × 109

The new rotation target 10 × 109

Wide rotation target 15 × 109

yield does not instantly means the increase of the physics sensitivity. Some of muonic
atoms are outside of the secondary beamline acceptance. The final sensitivity should
be compared after taking into account of the secondary beamline acceptance.

3.3.1 Measurement of Muonic Carbon Atom Formation Rate

The pion production rates calculated by using two data sets (Piroue and HARP)
and that calculated with the QGSP BERT HP model of Geant4 show fairly good
agreement. However, the cross section data do not completely cover whole the kine-
matics region, and the QGSP BERT HP model is just a model with some uncertainty
in its precision at the low energy region. Therefore, a test experiment to measure
the muonic atom formation rate in the fixed-type Muon Target was performed at
Area D2 of D-line in November 20091. Figure 3.8 shows a typical time spectrum of
delayed electrons with the beamline momentum setting being 40 MeV/c at D-line.
The shape of time spectrum was fit to Ae−

t
τ , by using MINUIT, and the result is

τ = 2.094 ± 0.005 µs. According to the Geant4 Monte Carlo study, this time spec-
trum should composed of two components: exponential decay with τ1 = 2.0 µs and
τ2 = 2.2 µs. The former comes from the decay of µ− in a carbon atom. The lat-
ter comes from µ+ decay in the carbon target followed by the Bhabha scattering
(e+ + e− → e+ + e−) off the electrons in material. Since the yield of µ+ decay is more
than 500 times larger than µ−, the effect of the Bhabha scattered e− is not negligible.
If the statistics of the plot was much more, then these two components could be sepa-
rated. The percentage of the Bhabha scattered e− is estimated to be 20% by Geant4
Monte Carlo. Nonetheless, the observed time spectrum is fairly consistent with the
µ− life time in carbon. The rate of the muonic carbon atom formation obtained
from this result with the correction of D-line transmission acceptance is 0.7× 109/sec
for 120 kW operation of MLF at the time of measurement. By scaling up with the
primary beam power, it corresponds to 6 × 109/sec for 1 MW operation, and it is
consistent with the estimation by the Geant4 within 20–30%. Therefore, the estima-
tion of the muonic carbon atom formation rate from Geant4 with QGSP BERT HP
is quite reliable within 30% of accuracy.

1A similar measurement was also performed at TRIUMF in 2008[33]
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3.4 Muon Capture and µ-e Conversion Strength

When µ− stops in the material, it will be captured by the Coulomb potential of the
nuclei, and promptly falling down to the 1S state of the atomic orbit. This process
is called ”atomic capture of negative muon”. If the material consists of a single type
of atom, then the fraction of the atomic capture in the atom is 100% (fC = 1).
However, if the material consists of several different atoms, µ−’s are divided among
these atoms with the probability scaling to the product of the atomic number (Z)
and the number density of the atom. This is so called Fermi-Teller Z law[34]. For
examples, if the material is silicon carbide (SiC), the fraction of µ− trapped in Silicon
atoms is 14/(14 + 6) = 0.7, and that of carbon atoms is 0.3. It is known that
the accuracy of the Fermi-Teller Z law is very rough, and fC for Si would be even
higher[35].

Once the µ− is atomic captured, it will potentially go the following three processes:

1. Muon decay in orbit (DIO): µ− → e− νµ νe,

2. Muon capture (MC): µ− + A(N,Z) → νµ + A’(N,Z-1) or

3. µ-e conversion (MEC): µ− + A(N,Z) → e− + A(N,Z).

The µ−s went for DIO process do not contribute the measurement of MEC since
MEC is only mediated by the contact interaction with nuclei. This is why the MEC
branching ratio is defined as the ratio to the MC strength. In order to take into
account of this fact, the figure of merit of the measurement has to be normalized by
fMC. It strongly depends on the atomic number Z especially in the light nuclei.

In the µ-e conversion in nuclear field, nucleons in the target nucleus contributes
the process in a coherent way, and the amplitude of the process strongly depends
on the nuclear configuration, mostly the number and distribution of neutrons and
protons. Therefore, the sensitivities to the new physics are different for different
atomic numbers in the µ-e conversion[37, 38]. This effect can be taken into account by
the parameter fµ−e. Table 3.2 shows fC, fMC and fµ−e for different materials[39, 40].
However, please note that the parameter fµ−e shown in the table is model dependent.
If we remove any theoretical prejudices, there is no concrete estimate to the parameter
fµ−e. It even can be accidentally zero for particular Z[41]. From that point of view,
it is very important to perform the experiment for several different Z.

The triple products fC × fMC × fµ−e gives rough guide on the physics sensitivity
per muonic atom. The number of carbon is almost one order of magnitude less than
the both number of silicon carbide and aluminum. It is preferable to design the
target region so that the muonic atoms are formed in silicon or aluminum rather than
carbon.

3.5 Silicon Carbide Target

In order to maximize the physics sensitivity, we are considering to replace the current
carbon target with a silicon-carbide target. The silicon carbide is the only chemical
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Table 3.2: µ− capture rate and lifetime for different materials.

C Al Ti Pb Si(SiC)
Atomic Number 6 13 22 82 14+6
Capture Rate (×106 s−1) 0.039 0.68 2.6 15 0.87(Si)
Lifetime (µs) 2.0 0.88 0.33 0.082 0.76
fC 1 1 1 1 0.7
fMC 0.08 0.60 0.85 0.97 0.66
fµ−e[37] 0.7 1 1.7 1.15 1
fC × fMC × fµ−e 0.056 0.60 1.45 1.12 0.46

Table 3.3: Typical Properties of Graphite and SiC. The purpose of this table is
to impress the excellent properties of SiC. It is note worth that the details of the
properties depends on how the materials are produced.

Graphite SiC SiC+Si SiC/SiC
(IG43) SiC SiC+Si composite

Density (g/cm3) 1.82 3.1 2.9 2.5
Flexural Strength (MPa) 54 580 250
Young’s modulus (GPa) 10.8 406 314
CTE† (×10−6/K) 4 4 4
Thermal conductivity (W/m·K) 140 130 150
Thermal shock resistance (K) 550 450

Neutron Irradiation (3.5dpa)[42]
Swelling/Shrinkage -2% 1%
Drop of Flexural Strength < 10%

†

Coefficient of thermal expansion

compound of carbon and silicon. It is an excellent abrasive and has been produced
for over one hundred years. Today, it has been developed into a high quality ceramic
with very good mechanical properties, and the application to many high-performance
demanded fields are developed, such as nuclear fusion reactor, space applications, and
so on.

Table 3.3 compares material properties of silicon carbide and graphite. Silicon
carbide is not attacked by any acids or alkalies up to 800◦C, and forms a protective
silicon oxide coating at 1200◦C in air, and able to be used up to 1600◦C. The high
thermal conductivity couples with low thermal expansion and high strength give this
material exceptional thermal shock resistant qualities. The mechanical strength of a
SiC/SiC composite show no degradation up to 3.5 dpa of neutron irradiation[42].

The draw back of using the silicon carbide as the production target is that it could
increase the proton loss in the target. If the thickness is reduced to control the proton
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loss being less than 10%, then the muonic atom yield would be decreased. The detail
design of the silicon-carbide target is on-going.

3.6 Acceptance of the µ-e Electrons

The acceptance of the µ-e electrons (Aµ−e) is mutually correlated with the energy
spread of the outgoing electron by the energy loss in the target and the momentum
acceptance of the secondary beam line as well as the momentum cut required to
suppress DIO background. Since the sensitivity goal of this experiment is 10−14, the
energy threshold to suppress DIO background would be around 102.5 MeV, which
is almost 2.5 MeV below the end point energy. This factor will be combined with
the transmission efficiency of the beam line, and will be discussed in the following
chapters.
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Figure 3.4: Production spectra of π+ by 3-GeV protons hitting 20-mm thick carbon
target, displayed in different angle bins. Histograms are calculation with Geant4 and
QGSP BERT HP hadron package. Points with error bars are taken from HARP data.
Data points are properly scaled so that they give production rate but the cross section
itself.
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Figure 3.5: Production spectra of π− by 3-GeV protons hitting 20-mm thick carbon
target, displayed in different angle bins. Histograms are calculation with Geant4 and
QGSP BERT HP hadron package. Points with error bars are taken from HARP data.
Data points are properly scaled so that they give production rate but the cross section
itself.
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Figure 3.6: Production momentum spectra of π− by 3-GeV protons hitting 20-mm
thick carbon target with a condition requiring the daughter muon coming from its
in-flight decay stops in the production target.

Figure 3.7: A 3D model of the rotation target implemented in Geant4 code.
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Figure 3.8: Typical time spectrum of delayed-timing charged particles observed at
the exit of D-line. The origin of horizontal axis is a time of the 1st proton pulse.
In order to protect the counter from the prompt burst, signal at around the proton
pulses are masked.



Chapter 4

Measurement at D-Line

The measurement by using the existing D-line in the Muon Science Facility (MUSE)
at J-PARC MLF is described in this chapter. The advantage to use the existing D-
line is in the cost and schedule. But, the sensitivity at D-line is not attractive due to
smaller acceptance of the beamline than that of H-line. Nonetheless, the measurement
at D-line will be discussed here in order to illustrate the whole idea of the proposed
experiment.

4.1 D-Line

A D-line is the beamline constructed at first in the Muon Science Facility[43]. Fig-
ure 4.1 shows the layout of the beamline. The beamline extracts charged particles
from the Muon Production Target with 60◦ angle from the primary proton beam axis.
In order to avoid the magnetic-field leakage from the beamline affecting the primary
proton orbit, the first quadrupole, DQ1, has to be placed almost 60 cm away from the
beam spot on the Muon Production Target. The charged particles are firstly collected
by a DQ1-DQ2-DQ3 triplet, and momentum analyzed by a 1st dipole magnet DB1.
Then, the beam enters to a superconducting solenoid (DSOL), where the beam is
transported in helical trajectory in the DSOL. The original purpose of the DSOL is
to increase the muon production from the pion in-flight decay in the solenoid. How-
ever, for the µ-e conversion experiment (as well as surface muon experiments), the
solenoid is just used for the charged particle transportation. In the solenoid, elec-
trons in the helical trajectories turn around the axis by 3.5 times in transverse plane
before emerging out of the solenoid. All the beamline component down to the DSOL
are installed in the tunnel surrounded by the radiation-shielding concrete cast. After
emerging out of the DSOL, the electron beam is focused by a DQ4-DQ5-DQ6 triplet,
and is bent by the second dipole DB2. Then it passes through the electro-static mass
separator. The original purpose of the mass separator is to separate electrons from
muons for the surface-muon application, but both the electric and magnetic field in
the separator will be turned off for the µ-e conversion experiment. After passing
through the separator, the beam is focused again by a DQ7-DQ8-DQ9 triplet and
enters to a switch yard section. The switch yard section consists of a switch-yard

25
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magnet, a couple of kicker magnets, another switch-yard magnet and a septum mag-
net (DSEPTUM), in this order from upstream. The DSEPTUM has two entries in
front: the beam enters left-side entry is bent towards Area-D2, and the beam enters
right-side entry is bent towards Area-D1. The bend angle by the DSEPTUM is 36◦

for both paths. Two switch-yard magnets are adjusted so that the electron beam
enters the left-side of DSEPTUM entrance when the kickers are off. The beam is
kicked toward Area-D1 when the kickers are on.

The magnetic field of the kickers is optimized for 30-MeV/c surface muon beam,
and is 400 Gauss. The surface-muon beam can be bent perfectly into the septum
entrance towards Area-D1 by this kickers. However, it is not perfect for the 105-
MeV/c electrons. Most of them hit the iron pillar between the two entrances of the
septum magnet due to insufficient kick angle.

In the µ-e conversion experiment, delayed electron beam should perfectly pass
through the DSEPTUM towards Area-D2, and the prompt-burst beam should be
blocked out of the Area-D2. It is not required to transport the prompt-burst beam
towards the Area-D1. Therefore, even if the prompt-burst beam hits the magnet pillar
, it is OK as long as they do not enter the Area-D2. According to the Monte Carlo
calculation, the suppression efficiency (the ratio of the beam rate in Area-D2 between
kicker-off and kicker-on) is about 1/1000, which is sufficient enough for our purpose.
The detail of the suppression factor will be described in the following sections.

The beam after the DSEPTUM will be focused again by a DQ13-DQ14-DQ15
triplet toward the experimental area Area-D2, where a magnetic spectrometer will be
placed.

4.2 Magnetic Spectrometer

Figure 4.2 shows the schematic layout of the spectrometer system in the Area-D2.
The magnetic spectrometer consists of a simple dipole (DB4) sandwiched by two sets
of tracking stations (WC1–2 and WC3–4). Each tracking station measured the hit
position in 2D coordinate (horizontal and vertical). The horizontal resolution should
be better than 400µm, but the vertical resolution could be much worse. There is
a trigger hodoscope (BH1) and the time-of-flight (TOF) hodoscope (BH2) located
downstream of the spectrometer.

The distance between BH1 and BH2 is limited by the available space in the Area-
D2, and is about 1.8 m in the current layout. The main purpose of the TOF is two
folds:

1. identify forward-going electrons from forward-going muons at 105 MeV/c,

2. identify backward-going charge particles.

For examples, it will be used to reject backgrounds coming from cosmic-ray muons
hitting through the spectrometer. The minimum performance required for the TOF
is to separate forward-going electrons from muons, and it is 1.7 ns for 1.8 m of flight
length. It is very easy to achieve this specification by using a standard counter
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Table 4.1: Enge coefficients of the quadrupole magnets.

Magnet a1 a2 a3 a4 a5 a6

DQ1 0.8609 4.694 -2.580 2.592 -1.767 0.4782
DQ2 0.5873 5.894 -0.5713 5.784 2.947 -1.054
DQ3 0.7430 4.791 -2.468 2.407 -1.815 0.6668
DQ4 0.9244 4.848 -2.527 2.328 0.222 -0.4(-0.5564)∗

DQ5 0.6109 5.808 -1.037 4.939 2.315 5.946
DQ6 0.6587 5.483 -1.656 3.598 -1.514 0.1493
DQ7 0.9485 4.796 -2.603 1.892 -0.1195 -0.1(-0.2273)∗

DQ8 0.6581 4.918 -2.345 2.400 0.3797 -0.08942
DQ9 0.7085 5.193 -2.361 2.296 -1.436 0.9199
DQ13 0.7078 5.249 -2.457 2.027 -0.8117 0.5792
DQ14 0.6607 4.911 -2.318 2.479 0.2345 -0.4319
DQ15 0.7085 5.194 -2.361 2.295 -1.437 0.9220

∗ The coefficients in parentheses are the one obtained from the field measurement,
but not used in the G4Beamline calculation in order to avoid a bug of G4Beamline
code.

technique in the high-energy physics experiment. The details of the spectrometer
system will be described in the chapter 6.

4.3 Beamline Acceptance

The geometrical acceptance of the D-line was estimated by using G4Beamline. Fig-
ure 4.3 shows the model that was implemented in the G4Beamline for this study. The
fringing field of all the quadruple magnets are properly modeled in the G4Beamline
as a form of Enge parameters. The Enge parameters were obtained from the field
measurement. Table 4.1 shows all the Enge parameters used in this calculations.
The fringe field of the dipoles are modeled by using an ideal fringe field for the
square magnet[45]. Table 4.2 shows the settings of the magnets in the G4Beamline.
These settings are based on the real settings obtained from the beam tuning, but the
fine tuning in the G4Beamline simulation was applied in order to absorb the small
differences between the real world and the computer model. The electro-magnetic
separator will be not used in the µ-e conversion experiment, thus is omitted from the
table.

Figure 4.4(a) shows electron spectrum produced with uniform momentum distri-
bution in the symmetric direction at the origin of D-line (center of the target position).
The vertical axis is normalized so that it gives the transmission efficiency per MeV/c.
From this plot, the geometrical acceptance of this beamline is estimated to be 30 msr
at 105 MeV/c if it is from the point source. This value is consistent with the observed
acceptance of the surface muon, where the source is point like. Drop of the efficiency
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Table 4.2: Specification of D-line magnets in the simulation.

Quadrupoles
Magnet Field Gradient Length Pole-Tip Radius

(T/m) (m) (mm)
DQ1 3.004 0.324 125
DQ2 -2.381 0.506 150
DQ3 1.700 0.400 150
DQ4 -2.487 0.413 100
DQ5 3.260 0.386 150
DQ6 -2.295 0.398 150
DQ7 0.7615 0.415 250
DQ8 -1.262 0.540 250
DQ9 1.418 0.405 250
DQ13 1.352 0.431 150
DQ14 -1.813 0.540 150
DQ15 1.519 0.405 150

Dipoles
Magnet Field Length Gap Bend

(T) (m) (mm) (degrees)
DB1 (sector) -0.3303 — 200 30
DB2 (rectangular) -0.3989 0.2 200 40
Switch-yard (rectangular) 0.0682 0.180 198 4
DSEPTUM (sector) 0.2212 — 200 36

Kicker
Magnet Field (T) Length (m) Gap (mm)
Kicker 0.04 0.4 198

in the momentum region 106–110 MeV/c is observed after DSEPTUM. The cause
of this drop is due to the rather smaller horizontal width of the DSEPTUM magnet
pole. Figure 4.4(b) shows the same plot but the electron sources are distributed in
rectangular region (H:30 mm, V:60 mm) around the origin of D-line, which reflect
the source distribution for µ-e conversion electrons. The transmission efficiency drops
in two locations along the beamline, one is at the SC entrance, and the other is at
the DSEPTUM entrance. The averaged beamline acceptance for µ-e conversion elec-
trons is only 11 msr for this case. The momentum bite is 5 MeV/c(FWHM) for both
point-like and distributed source.

The wide momentum acceptance is preferable so that the following three momen-
tum regions can be covered at the same time:

1. DIO region (100–102.5 MeV/c),

2. signal region (102.5–105.0 MeV/c),
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Table 4.3: Specification of the kicker system in D-line.

Magnetic Field 400 Gauss
Gap 198 mm
Width 318 mm
Length 400 mm
Rise Time < 300 ns
Flat Top > 300 ns
Flatness < ±3%
Repetition 25Hz
Maximum Current 6.3 kA
Peak Voltage 42 kV

3. high-momentum background region (> 105.0 MeV/c).

The last one is important to monitor the background coming from late-arriving pro-
tons. In the present D-line, the transmission efficiency of the high-momentum back-
ground region is almost 1/3 of the peak transmission at 105 MeV/c, but the efficiency
plateau extends up to 115 MeV/c. The integrated efficiency of the high-momentum
background region becomes almost the same to that of the signal region. This is very
good for the background monitoring.

If the DSEPTUM is replaced with much wider magnet, only necessary to be wide
in the left-side horizontal aperture, the overall D-line acceptance for µ-e electrons will
be improved by almost factor 2.

4.4 Kicker Performance

The performance of the original kicker that will be installed in the D-line is shown
in Table 4.3. The surface muon coming from the upstream of the beamline has a
double-pulse structure as shown in Fig. 4.5. In the material science application with
the surface muon µSR technique, this double-pulse structure gives no gain to the ex-
perimental sensitivity but just disturbs the µSR time spectrum. In order to solve this
problem and increase the efficiency of the facility usage, a kicker system is installed
to kick the second pulse of the surface muon beam into the second experimental area.
Both experimental areas receive a single pulse. The simulated time structure of the
current feeding into the kicker is shown in Fig. 4.6. The length of the flat top is about
500 ns, and it is long enough to kick a single pulse.

In the µ-e conversion experiment, the way to use the kicker system is different
from the original. Table 4.4 shows the comparison between the two applications.
There are three parameters need to be evaluated if the current kicker system should
be used for the DeeMe experiment: magnetic field at the flat top period, flatness after
the fall edge and the length of the flat top period.
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Table 4.4: Comparison between the kicker usage in DeeMe application and the surface
muon application.

Surface Muon DeeMe
Magnetic Field 400 Gauss > 400 Gauss
Flatness on the Flat Top < ±3% —
Rise Time < 300 ns —
Fall Time — < 300 ns
Flat Top > 300 ns > 900 ns∗

Flatness after Fall Edge — < 5%
Repetition 25Hz 25Hz

∗ in DeeMe application, the definition of ”Flat Top” is the period with the magnetic
field larger than the required value. It is not necessary to be ”flat”.

4.4.1 Magnetic Field of Kicker

The electron beam momentum in the DeeMe is 105 MeV/c, which is 3.5 times larger
than the surface-muon beam momentum (30 MeV/c). If we have to completely switch
the beam trajectory between two entrances of the DSEPTUM for the 105-MeV/c
electrons, we have to increase the magnetic field by factor 3.5, and that is not trivial
since the stored energy of the magnet becomes almost one orders of magnitudes higher.
However, in the DeeMe application, the function of the kicker system is only to reject
the prompt-timing electrons out of the beamline towards Area-D2. Therefore, the kick
angle required can be much lower than the surface-muon application. The required
performance of the kicker should be optimized by looking at the suppression factor
on the prompt burst beam.

In order to estimate the suppression factor on the prompt with the current kicker
specification, a Monte Carlo simulation by using G4Beamline was performed. Fig-
ure 4.7 shows how the 105-MeV/c electrons are transported through the kicker system
towards the Area-D2 while the power to the kicker is off. Figure 4.8 shows the beam
trajectories when the kicker is turned on to the designed magnetic field (400 Gauss).
As it can be observed from these plots, the electron beam is deflected to the right-
hand side while the kicker is on, but not perfectly enters to the beamline towards the
Area-D1. However, none of the track passes through the DSEPTUM to the Area-D2
in this plot. This demonstrates that the current kicker system can cut off the beam
with large suppression factor. By increasing the simulated statistics, it was found that
the suppression factor of the electron beam passing through the left-side aperture of
DSEPTUM and entering to the Area-D2 is about 1/1200. It will give the rate of the
prompt-burst particles entering to the Area-D2 at around 33k per proton pulse. The
both plastic scintillation counters and gas wire chambers can be operated under this
condition if they are properly segmented. The details of the detector technology will
be discussed in Chapter 6.
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4.4.2 Flatness after the Fall Edge

It is note worth that there is no requirement to the flatness of the ”flat top” for DeeMe
application. DeeMe only needs the beam kicked out of the beamline, and it does not
care where the kicked beam is going. The magnetic field during the ”flat top” should
be larger than the required field strength in order to maintain the suppression factor.

While the flatness of the flat-top is not required, the flatness after the fall edge is
important for the proposed experiment since µ-e electrons in the delayed timing has to
be transported through the beamline after the fall edge. The horizontal displacement
of the beam center by the kicker is about 100 mm for 400 Gauss, thus it is only 5 mm
for 20 Gauss. Since the horizontal beam size at the DSEPTUM entrance is about
100 mm(FWHM), The effect of the 5 mm displacement is small enough. Therefore, if
the flatness of the kicker after the fall edge is less than 20 Gauss, then it is acceptable.
From the Fig. 4.6, the non-flat structure after the fall edge is only < 5%, and it is
small enough.

4.4.3 Flat Top Length of the Kicker

In the DeeMe application, both of two pulses separated by 600 ns should be kicked
out of the beamline. Therefore, the flat top has to be wide enough to cover the pulse
separation (600 ns) with enough margin to cover the pulse width (200 ns), and it
should be more than 800 ns in total. The fall time of the kicker should be fast enough
so that the detector can start the measurement of the delayed electrons as soon as
possible. On the other hand, there is no requirement to the rise time itself.

The pulse current for the present kicker is shaped by a pulse forming network
(PFN) made of discrete capacitor and inductor components. Figure 4.9 shows the
schematic circuit diagram of the kicker power supply. Rise and fall time of the kicker
system are determined by the cut off of the circuit in the frequency domain, and
that is dominated by the inductance of the magnet. Changing the rise and fall time
may need complete redesign of the kicker magnet, but very fortunately, the kicker
parameters of the present system (Trise < 300 ns, Tfall < 300 ns) are sufficient for us.

The flat top length is determined by the number of stages in the PFN circuit. It
is fairly straight forward to increase the flat top: just increase the number of stages.
The number of stages is 15 in the current system for 500 ns of the flat top length.
It has to be increased to 30 to make the flat top length > 800 ns. It may be also
possible to use the different parameters of both capacitor and inductor in each stage
so that the flat top length becomes > 800 ns with smaller number of stages. In that
case, the flatness of the flat-top will be deteriorated, but as it was explained above,
it is fine for µ-e conversion experiment as long as the magnetic field is larger than
400 Gauss.

The modification of the circuit has to be done so that the switch back to the µSR
program is easy and quick. The best way might be constructing a new PFN module
for µ-e conversion, and connect it to the existing circuit with a changeover switch.
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Figure 4.1: Layout of the D-line in the Muon Science Facility at J-PARC MLF.
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Figure 4.3: A model of the D-line that was implemented in the G4Beamline simulation
code for the beamline acceptance evaluation.
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(a) Point source at the origin of D-line.
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(b) Distributed source (H:30 mm×V:60 mm)

Figure 4.4: Electron transmission efficiencies of the D-line, displayed with several
different places along the beamline.
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Figure 4.5: Time structure of the pulsed proton beam from RCS to MLF.

 

Figure 4.6: Simulated time structure of the current from the power supply to the
kicker magnet.
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Figure 4.7: G4Beamline display showing the trajectories of 105 MeV/c electrons
during kicker is off.
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Figure 4.8: G4Beamline display showing the trajectories of 105 MeV/c electrons
during kicker is on. Note that the right-hand side of the DSEPTUM is not modeled
in the simulation.

 

Figure 4.9: Schematic circuit diagram of the power supply with a pulse forming
network for the present kicker system at the D-line.



Chapter 5

Measurement at H-line

The experimental sensitivity from the data taking at Area-D2 is limited by the ac-
ceptance of D-line. It could be also limited by the conflict with other experiments
planning to use Area-D2. Therefore, it is very important to consider running the
experiment at a new beamline with larger acceptance, H-line. The geometrical ac-
ceptance of H port is almost four times larger than that of D-Line. In addition, the
H-line design can be accomplished so that the acceptance averaged over the finite
size of the source (H:30 mm × V:60 mm) being almost the same to that of the point-
like source. There is almost factor 3 of the improvement over D-line from this. The
overall improvement by moving the experiment from D-line to H-line is one order of
magnitude.

Since there are other experiments considering to use the H-Line, muon g − 2 for
example[46], the current design of H-line adopts an idea of hosting multiple experi-
ments by preparing beamline branches.

5.1 Requirement

Table 5.1 shows specifications of the new beamline for three different experiments.
They seem to be very different at a glance, but the important specification is the
same: maximizing the acceptance. Difficulties of the design for DeeMe come from
the requirement asking large acceptance for large source size with large ∆p/p for high
momentum. The first three points require the size of magnets being large, and the
last point demands the high magnetic field for those large-sized magnets.

Figure 5.1 shows the original floor plan of the H-line: the High-Momentum Decay
Muon with large pion decay solenoid. The requirements shown above are basically
compatible with the High-Momentum Decay Muon beamline, which needs large ac-
ceptance and large ∆p/p especially for the upstream side of the beamline if one really
need to increase the muon yield. Therefore, the design of the H-line for DeeMe is
actually one variation of the original plan.

38
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Table 5.1: Specifications of H-line from three different experiments.

Item DeeMe (g − 2)µ surface muon
Particle e− µ+ µ+

p (MeV/c) 105 30 30
∆p/p(FWHM) 10% 10% 10%
Source Size (H) 30 mm 15 mm 15 mm
Source Size (V) 60 mm 30 mm 30 mm
Acceptance (msr) 120 120 120
Final Focus Size any smaller is better
Electro-static Separator — e+ suppress
Kicker prompt suppress — —

5.2 Optics Design

Figure 5.2 shows the new design of H-line that we propose. The main beamline is for
µ-e conversion experiment, and there are two branches from the main beamline for
(g − 2)µ and a surface-muon experiment. The beam takes off from the production
target at an angle of 60 degrees to the proton beam direction. There is a flange
with 25 cm diameter inner aperture at 51 to 60 cm from the production target. This
restricts the accepted solid angle to 135 msr, averaged over the source size. Since
some beam loss in the beam line is unavoidable, the final acceptance is of the order
of 115 msr for the central momentum.

Solenoid S1 catches a large solid angle, and focuses the beam through the 30
degrees bending magnet B1. It was necessary to find a place for a separator that
can remove positron from the surface muon beams. The prompt suppression for the
DeeMe beam has to be high enough. But it was also necessary to maintain a high solid
angle acceptance. All those aims are accomplished with the layout already shown in
the Fig. 5.2. Solenoid is followed by two kickers, K1 and K2, and the separator.
Then comes solenoid S3 and the other two kickers, K3 and K4. To obtain good beam
transmission for the DeeMe beam, a small n-value of −0.40 had to be put in B1 for
additional horizontal focusing. This feature could be eliminated in future designs.
Bending magnet B2 is off for DeeMe. It bends 45 degrees to the left followed by a
quadrupole doublet Qdoub for surface muon experiments. The final beam spot is
1.00 m downstream of the exit of Qdoub.

When B2 is turned off, the beam continues to the DeeMe line. First, there are
again two solenoids, S4 and S5, which focus the beam through the 435 degrees bend
B3 to make the beam size smaller downstream of B3 at the point indicated by INT.
B3 bends 45 degrees to the left. The rest of the beam line consists of a quadrupole
triplet Qtrip and a 45 degree bend B4. This part is very important to increase the
suppression factor against the prompt burst since the electrons scattered off by slits
will not enter B4 due to the energy loss. It can also act like a spectrometer if necessary.
The first and last quadrupole of Qtrip have the same field. Beamline monitor can be
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Figure 5.1: Originally proposed layout of the H-line, High Momentum Decay Muon
Channel.

placed at the point indicated by INT, right after B3, for beam tuning and monitoring.
The magnetic spectrometer system will be installed at downstream of B4.

Solenoids rotate the beam around the beam axis, mixing horizontal and vertical
phase space. It is not an issue for S1. However, there is momentum dispersion after
B1, and solenoids cause then also dispersion in the vertical plane. This is undesirable
because it is not convenient for the measurement of the momentum with the final
spectrometer. Therefore, the polarities of S2 to S5 are alternating, so that the rotation
introduced by one solenoid is partly canceled by the next one. The strengths of the
solenoids S2 to S5 have been chosen so that the sum of the products of B and L (field
strength times length) is zero. Then the rotation of the beam caused by the combined
effects of S2 to S5 is zero. Therefore, there is no dispersion in the vertical plane.

For the surface muon beam, S2 and S3 will be adjusted to have equal but opposite
strength. In that case there is no vertical dispersion after S3. There is a slit, named
SLIT, 30 cm downstream of kicker K4 for surface muon beams. When the B2 is
turned off, the beam continues with a triplet to a final focus for the muon g − 2
experiment.
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Table 5.2: Characteristics of solenoids at 105 MeV/c for µ-e conversion mode.

Solenoid Length (m) radius (cm) Field (kG)
S1 1.50 30.0 5.775
S2 1.50 20.0 4.095
S3 1.50 20.0 -2.940
S4 1.50 20.0 -3.360
S5 1.50 20.0 2.205

Table 5.3: Characteristics of quadrupoles of Qtrip for µ-e conversion mode.

Quad Length (m) radius (cm) Field (kG)
Qtrip-1 0.4 17.5 -1.5354
Qtrip-2 0.4 17.5 2.5045
Qtrip-3 0.4 17.5 -1.5354

5.2.1 Magnets

The characteristics of the solenoids have been listed in Table 5.2. All solenoids are
1.5 m long with a 40 cm diameter, except S1 which has a 60 cm diameter. It was
designed so explicitly in order to reduce the mass production cost of the solenoid.
The characteristics of the quadrupoles are given in Table 5.3. All quadrupoles are
40 cm long with a 35 cm diameter. The characteristics of the bending magnets are
given in Table 5.4. Bending magnets B2, B3 and B4 are 45 degrees sector magnets.
B1 is a parallel faced magnet which bends 30 degrees. It has an n-value to provide
horizontal focusing.

The kickers are each 40 cm long with a horizontal aperture of 35 cm and a vertical
aperture of 32 cm. Each kicker kicks the 105-MeV/c electrons horizontally by 32.0 mr,
and a total kick is 128 mr. This implies a vertical magnetic field of 280 Gauss for
105 MeV/c. In this case the transmission from the production target to the point
INT is less than 0.010 percent.

Table 5.4: Characteristics of bends at 105 MeV/c for µ-e conversion mode.

Bend Bend Pole-face Rotation Field n-value
(degrees) (degrees) (kG)

B1(rectangular type) 30 15/15 2.2923 -0.40
B2(sector type) 60 0/0 0.0 —
B3(sector type) 45 0/0 3.4385 —
B4(sector type) 45 0/0 3.4385 —
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The separator has a physical length of 1.40 m, but the length of the fields is 0.80 m.
An electric gradient of 12 kV/cm is sufficient to reduce the positron contamination
in the surface muon beams by a factor 100. The magnetic field is 146 Gauss.

5.2.2 Beamline Simulation

The design calculation have been done with the Monte Carlo program REVMOC[47].
The source of the electrons from the µ-e decay is assumed to be a disk with a diameter
of 6 cm based on the present Muon Production Target. By projecting it at right
angle to the secondary beam axis, the source becomes an ellipse with axes of 3 cm
horizontally by 6 cm vertically. In fact, in the Monte Carlo calculations, a rectangular,
uniformly populated source of 3 cm by 6 cm was used. Although the beamline design
was performed with assuming the fixed-type target, it is also valid for the rotation
target since the source distribution will be about the same around the beam center.

Figure 5.3 shows the final beam spot at the bottom and the solid angle acceptance
as function of momentum at the top, for 105-MeV/c electrons. This solid angle accep-
tance is more than 110 msr for large-area source size, and which it almost one order of
magnitude larger than that of D-line. Please note that the acceptance improvement
will be only factor 4 if the source distribution is point-like. The momentum bite is
∆p/p = 7.0% at the final focus, and the beam size is 11.4 cm(FWHM) horizontal and
13.8 cm(FWHM) vertical. This seems to be large, but it is fine for µ-e conversion
experiment since the beam only passes through the magnetic spectrometer.

In the µSR mode, the size of beam spot is 2.8 cm(FWHM) horizontal and 6.8 cm(FWHM)
vertical. In the muon g−2 mode, the size of beam spot is 2.7 cm(FWHM) horizontal
and 5.0 cm(FWHM) vertical.

5.3 Realistic Considerations

There are several things those have to be considered when this optics design is imple-
mented to the available space and conditions in the real world of the muon facility.

Available Space As it is observed in the Fig. 5.1, the available space for H-line is
limited between the surface muon channel and neutron facility area. The beam axis
of the current design mostly runs parallel to the boundary and the distance between
the beam axis and either the surface muon channel or the neutron facility area is
more than 4 m, which is wide enough. The distance between the end of B4 and the
radiation shield block of the surface muon channel is more than 4 m, which is long
enough to install magnetic spectrometer system including a time-of-flight hodoscope.

Gate Valve A gate valve has to be installed in the upstream region of the beamline.
Since the largest gate valve currently available from the market has 25 cm inner
diameter, the beam size should be smaller than 25 cm diameter preferably before the
beamline entering the experimental hall. In the current optics design, the beam size
is larger than 25 cm upstream of B1, but it is smaller than 25 cm downstream of
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B1. So, the gate valve can be installed anywhere between 1-m downstream of B1 and
S2. A thin foil for blocking the radioactive ions produced at the production target
transporting into the experimental area can be also placed at the position of the gate
valve.

Current Lead for Superconducting Solenoid Although S1 has to be built with
radiation-hard MIC wires, all the other solenoids can be superconducting magnet in
order to reduce the operation cost. In that case, each solenoid has to have a space
for a port, where current leads and coolant pipes are attached. The downstream end
of S2 is located just at the exit of the tunnel, and the space between the tunnel exit
and the kicker is about 1 m. This space can be used for the port of S2 solenoid.

Cable Rack in the Tunnel There is a cable ruck installed in the tunnel. The
position is just above the space for a beam duct, downstream of S1 and the upstream
of B1. The installation of a simple beam duct underneath the cable rack is needed,
but it is much easier than installing magnets itself underneath.

5.4 Magnetic Spectrometer

The performance of the detector system in DeeMe is limited by the rate of the beam
burst in the prompt timing. The suppression factor on the prompt beam burst in the
new beamline is about 10−4, which is almost one order of magnitudes better than that
of D-line, while the beam acceptance is one order of magnitude higher. Therefore, the
rate of the prompt beam burst will be about the same in the both D-line and H-line.
As a result, the specification of the magnetic spectrometer in the measurement with
the new beamline is almost the same to that can be used in Area-D2. The design of
the magnetic spectrometer system can be the same between H-line option and D-line
option. The details of the detector design will be described in Chapter 6.

5.5 Kicker System

The beam emittance in H-line is much larger than in D-line. Both the aperture of
the kicker magnet and the kick angle has to be larger than the kicker system in the
D-line. Therefore, the kicker system has to be completely redesigned. Table 5.5 shows
the required specification of the kicker system. The main difference between H-line
kicker and D-line kicker is the gap size.

Two different types of the kicker systems were considered. One is a double-strip
lumped-type magnet driven by two synchronized resonance circuits, and the other is
a transmission-line type magnet driven by a pulse forming network circuit. The latter
system will be employed for the proposed experiment, but the both system will be
described below in order to illustrate the issues of the kicker system.
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Table 5.5: Specification of the Kicker Magnet for the measurement at H-line.

Magnetic Field > 385 Gauss
Gap 320 mm
Width 320 mm
Length 400 mm
Number of Kickers 4
Fall Time < 300 ns
Repetition 25Hz

5.5.1 Lumped-Type Kicker Magnet System

Figure 5.4 shows a design model for the TOSCA calculation. A square-type magnet
york is made of ferrite material. Two coils are used to magnetize the ferrite, but each
coil is a single turn and driven by an independent power supply. The inductance of
the coil was estimated to be 2.84 µH for each. The drive current to each coil is 5150 A
per 1 T.

In order to fulfill the requirement on the fall time (from 425 Gauss to 0 Gauss
within 300 ns) and flat-top length (> 800 ns), each coil is driven by sinusoidal shape
current as shown in Fig. 5.5. The frequency is 1.76MHz, and the maximum current
per coil is 10 kA. Each coil is connected to the power supply as shown in Fig. 5.6.
Since the largeness of the maximum current per coil, the available thyratron would
be only e2V CX1836, and the charging voltage is 50 kV. If the two coils are connected
sequentially, the coil inductance will be doubled, and the capacitance should be half
for the same frequency. Then the charging voltage should be doubled, and that is very
difficult. If the coils are connected parallel to a single power supply, the maximum
current will be doubled to 20 kA, and there is no available thyratron in the market.
Therefore, using double power supplies are essential, and the synchronization of two
thyratrons is not trivial.

5.5.2 Transmission-Line Kicker Magnet System

In order to overcome the difficulty of the double-strip lumped-type kicker system
shown above, a transmission-line type of the magnet system has been considered.
Figure 5.7 shows the sketch of the kicker magnet and its vacuum chamber. A whole
magnet consists of multiple ferrite segments, and copper conductors run through the
Ferrite cores to form a single turn coil. Ceramic capacitors are connected to the copper
conductors in every gap between adjacent Ferrite cores, and make the conductor as
impedance-matched signal line. The cutoff frequency of the magnet is dominated by
the inductance of single Ferrite. It is not so difficult to make the fall time smaller
than 300 ns with the condition of keeping the maximum current less than the double
strip design.

Table 5.6 shows magnet parameters for several different sizes of a single Ferrite
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core. Figure 5.8 shows a schematic circuit of the power supply. Figure 5.9 shows

Table 5.6: Magnet parameters for the transmission-line kicker system.

Items
Inductance of Ferrite Core 16 nH 25 nH 31 nH
Impedance 5Ω 5Ω 5Ω
Capacitance 640 pF 1000 pF 1240 pF
Cutoff Frequency 51 MHz 32 MHz 25 MHz
Rise Time 20 ns 32 ns 39 ns
Delay Time per Segment 4.4 ns 7 ns 9 ns
One Segment Length 25 mm 40 mm 50 mm
Number of Segments 64 40 32
Number of Units (25 mm × 16) × 4 (40 mm × 10) × 4 (50 mm × 8) × 4

a typical waveform for the circuit when the end of the current load is shorted. A
glitch due to the reflection by the impedance mismatch exists, but the amplitude is
only about 2% whose effect on the electron transmission through the kicker system
is negligible. A large current jump at around 2µs after the fall edge is due to the
reflection and the timing of this jump is determined by the length of the power cable
between the magnet and the power supply, which is labeled as T2 in the Fig. 5.8.
Since the length of the cable can be much longer, it will never affect the actual
measurement of µ-e conversion.
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Figure 5.2: Layout of the new beamline for DeeMe (DEEME), surface muon (MUSR)
and muon g−2 (GM2) experiments. S1–5 are solenoids, B1–4 are dipole bends, K1–4
are kicker magnets, Qdoub and Qtrip are quadruple- doublet and triplet, respectively.
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Figure 5.3: Solid angle acceptance as function of momentum. The green curve is for
the intermediate point INT. The beam spots are shown in the bottom part.
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Figure 5.4: A model of a lumped-magnet type kicker. Quota cut of the Ferrite core
is shown in a blue-colored volume. Two coils are driven by individual power supplies.
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Figure 5.5: The waveform of a current to the lumped-magnet kicker. It is note worth
that the flatness of the ”flat-top” is not required at all for DeeMe application.
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POWER SUPPLY CAPACITOR [F]

MAGNET INDUCTANCE [H]

Figure 5.6: Schematic circuit diagram of the power supply for the lumped-magnet
type kicker.
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Figure 5.7: Image sketch of kicker magnet and its vacuum chamber.
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FIG. 2
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Figure 5.8: Schematic circuit diagram of the transmission-line type kicker system for
DeeMe.

KICKER IMPEDANCE: 5 Ω

LOAD: 0 ΩΩΩΩ (SHORT)

CUTOFF FREQUENCY: 51 MHz

FALL TIME: < 300 nsec

NUMBER OF SEGMENT: 64NUMBER OF SEGMENT: 64

EACH SEGMENT LENGTH: 25 mm

unwanted impedance mismatch 

due to kicker bandwidth limit.due to kicker bandwidth limit.

COIL CURRENT [kA]

COIL VOLTAGE [V]

Figure 5.9: Simulated waveform of the transmission-type kicker system. The fall
time is less than 300 ns. A bump due to unwanted impedance mismatch due to kicker
bandwidth limit is small enough. A jump at around 4.8 µsec is due to a reflection,
but can be delayed much more by changing the length of the cable. See the text for
more details.



Chapter 6

Detector

Even if the beamline momentum is set at the 105 MeV/c, there will be many particles
emerging out of the beam line with other momenta. Most of them are DIO electrons
from muons stopped somewhere in middle of the beam line. In order to reject those off-
momentum electrons, an electron spectrometer should be installed at the downstream
of beam line exit. The electron spectrometer should provide a measurement of the
high momentum tail of DIO spectrum simultaneously, which is very important to
understanding the DIO background. The momentum resolution should be less than
0.5 MeV/c(rms) in order to separate the µ-e electrons from the DIO electrons.

The detector has to be operational after prompt-burst of the beam. The expected
rate of the prompt-burst is about 33k particles per proton pulse. A couple of the
prompt-bursts separated by 600 ns will come in every 40 ms. The average rate is less
than 2MHz, but the detector design needs some special cares since the beam is not
DC beam and the instantaneous rate of the prompt-burst is much over GHz.

The detector system proposed here is a simple magnetic spectrometer with a dipole
magnet and several planner tracking chambers. A trigger hodoscope and a time-of-
flight hodoscope are needed to define the timing and to reject muon backgrounds.
Figure 6.1 shows a schematic layout of the spectrometer system. The required spec-
ifications to the detector system are almost the same between the measurement at
D-line and the measurement at H-line. Therefore, a generic system that can be used
in both cases is discussed here.
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C4 BH
1
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Figure 6.1: Schematic layout of the electron spectrometer
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Table 6.1: Required specification of the DeeMe magnetic spectrometer system.

item parameter
δp < 0.5 MeV/c
Prompt Burst 33kHz per pulse
No. of pulses 2 per RCS extraction
Repetition 25 RCS-extractions per second
Live Time Window from 300 ns after the prompt of the second pulse
PID separation between e− and µ− at 105 MeV/c
Charge Separation separation between e− and e+

Directional Separation separation between forward and backward going e−

6.1 Detector Requirement

Table 6.1 shows the requirement to the detector system. The most important thing
is that the whole detector system should be in operational after a couple of prompt-
bursts separated by 600 ns. Each burst would contain 33k charged particles in 200 ns
(FWHM). The instantaneous rate is almost 330GHz, but the repetition of the couple
of prompt-bursts is only 25 Hz and the average rate is less than 2MHz.

The momentum resolution should be sufficient to distinguish µ-e electrons from
DIO electrons. Figure 6.2 shows expected DIO electron spectrum from carbon and
aluminum at the energy close to the endpoint energy. DIO electron spectrum from
silicon is very similar to that of aluminum, so the aluminum spectra are used instead.
The vertical axis is normalized per single nuclear muon capture process: the integra-
tion of the spectrum in whole energy region becomes (1 − fMC)/fMC. This factor is
11.5 for carbon while 0.67 for aluminum. In the DIO spectrum normalized to unity,
the yield from muonic carbon atom near the endpoint energy is almost factor 3 smaller
than from aluminum since carbon nuclei is much lighter than aluminum. However,
due to the factor above, the strength of the DIO background compared to the µ-e con-
version becomes worth in carbon material. In order to suppress the DIO from carbon
below 10−13, the energy region to identify the signal should be Ee > 101.5 MeV/c if
the detector resolution is 0.5 MeV/c, and Ee > 102.0 MeV/c if the detector resolution
is 1.0 MeV/c. For the aluminum (or silicon) case, the sensitivity goal can be 10−14

and Ee > 102.0 MeV/c if the detector resolution is 0.5 MeV/c, but Ee > 103.0 MeV/c
if the detector resolution is 1.0 MeV/c. If the energy resolution becomes larger than
2.0 MeV/c(r.m.s), the Ee should be 104 MeV/c, and the signal acceptance will be-
come very small. Therefore, the energy resolution of the detector has to be better
than 0.5 MeV/c.
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Figure 6.2: Total energy spectra of electrons from DIO in carbon and aluminum. Top
left plot is a differential spectrum for muonic carbon, Top right plot is a differential
spectrum for muonic aluminum, Bottom left plot is an integrated spectrum for muonic
carbon, where the integration is from the energy of interest to the maximum energy.
Bottom right plot is an integrated spectrum for muonic aluminum. Convolution
spectra with gaussian distribution are shown in different colors. Please see the legends
for the meaning of colors.

6.2 Simulated Detector Performance

In order to see the detector resolution, a Monte Carlo calculation of the magnetic
spectrometer system was performed. Electrons with 105 MeV/c momentum were
produced at the front of WC1 and the hit position in WC1–4 were recorded. Material
of WCs are Kapton and the thicknesses are all 0.0715 mm. This thickness corre-
sponds to 2.5 × 10−4 of the radiation length. Planer chamber with such a thickness
actually built for MEG experiment, and are in operation in good condition[48]. The
momentum fitting was performed by using a fourth-order Runge-Kutta integrator
with the same magnetic field map used for the event generation. Spacial resolution of
chambers were assumed to be 0.2 µm, and multiple scattering by WC2 and WC3 were
considered by means of a breakpoint method. Figure 6.3 shows result of the track
fitting. The momentum resolution is 0.32 MeV/c(rms), and the tracking efficiency
(the fraction of the track result with the probability begin more than 0.05) is 86%.
Therefore, the construction of the magnetic spectrometer system with 0.5 MeV/c
momentum resolution for 105 MeV/c electrons is very realistic.
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Figure 6.3: Track fitting result. Top left is χ2 distribution. Top right is a probability
distribution. Bottom left is a fitted momentum without any cuts. Bottom right is a
fitted momentum after selection good probability.

6.3 Counter System

Two hodoscope counters will be used for trigger and particle identification. In order
to minimize the material in front of the tracking chambers, both counters are located
downstream of tracking chambers. The reasons why the material in front of the
chamber should be avoided are as follows:

1. to minimize the energy loss and multiple scattering of signal electrons,

2. to minimize the probability of beam muons stopping in the material in front of
tracker.

The first reason is very clear. The second reason may need explanation. There
is negative muons contaminated in the electron beam about 1%. Some of those
negative muons may scatter of the pillar of DSEPTUM during the prompt-burst, and
enters to the detector with lower momentum. Some of them will stop in the plastic
scintillator and produce Michel electrons in delayed timing. These Michel electrons
will hit through the trackers If the counter is place in front of them, but wiped-out
by magnet and do not hit WC1–2 if the counter is placed back of magnet.

If the number of prompt-burst hit is too many, the following things will happen:
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Figure 6.4: A photograph of the gating-grid circuit we developed.

1. delayed fluorescence from plastic scintillator will dominate in the delayed-time
region and overwhelm the signal from the delayed charged particle hit,

2. instantaneous current load from dynodes in photomultipliers become too high
and recharge up of the dynode voltage may take longer than the delayed-time
region and the counter will be dead or lower-gain state during the measurement
period.

We have a good experience operating plastic-scintillation counter under a prompt-
burst condition in 2009. In 2009, a test experiment to measure the muonic atom
formation rate was performed at Area D2. At that time, a counter system with
gating-grid photomultipliers were used with 3k of prompt-burst. Figure 6.4 shows
a photograph of the gating-grid circuit we developed. The gating-grid circuit raises
high voltage of a focus grid and the 3rd dynode during a gate input is on. The gain
of photomultiplier (PMT) during the gate-in is lower than the normal gain by factor
10−6. Figure 6.5 shows snap shop of test counter signals taken at the time of the test
measurement. Right after the gain of PMT came back to the normal, the baseline of
the PMT signals showed sudden jump and slow decrease as time goes by. The amount
of the baseline jump increases as the rate of prompt-burst increases. If the rate of
prompt-burst is decreased, the amount of baseline jump decreases and eventually
they became individual small pulses. The rate of the prompt-burst at the time of the
test measurement was about 3k hits/pulse. When the gating-grid was turned off, the
baseline jump became unacceptably high, and the PMT was not operational.

Now, there are individual pulses observed on the top of baseline curve, mostly in
coincidences between two counters. These signals are from real hits of the charged
particles. In order to separate the individual signals from the baseline, whole the
waveforms were recorded by using waveform digitizers.

The analysis of the waveform was performed by the following steps:
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Figure 6.5: Snap shop of the waveform from gating-grid PMTs hit with prompt-
burst. Yellow and light blue curves are both signals from gating-grid PMTs. They
are stacked so that the beam particle should hit through them at the same timing.
Purple curve is a signal from normal PMT but the light from plastic scintillator to
PMT was decreased with ND filter. Disregards green curve. Two pulses observed in
purple curve indicate the timing of two prompt-bursts.

1. identify the individual pulses by seeing the sudden change of waveform.

2. record the waveform value outside of the individual pulses as the pedestal.

3. average the pedestal waveforms over 100 waveforms to reduce the fluctuation.

4. subtract the pedestal waveform from each waveform.

5. set the signal threshold to identify the individual signals.

6. record the leading edge timing and the waveform integration of the individual
pulses.

Figure 6.6 shows the integrated pulse area spectra. Each counter signal is tagged
by the other counter signal. Valley between signal peak and pedestal noise is clearly
observed. It means: despite of the baseline jump due to delayed fluorescence light,
individual signals can be identified with 100% of efficiency.

Based on this experience, the delayed signals after several thousands of the prompt-
burst can be detected by using the gating-grid PMT with waveform digitization tech-
nique. Above this level, we do not know if it works or not, yet. Therefore, the rate
of the prompt-burst from each counter should be controlled at this level. Since the
expected total number of prompt-burst in the µ-e conversion experiment is about
33k, the construction of the hodoscope will be easily realized by dividing the counter
into more than 10 of segments.
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Figure 6.6: Integrated pulse area spectra for the 1st and 2nd counters. Left pane is
the 1st counter tagged by the 2nd counter, and right pane is the 2nd counter tagged
by the 1st counter.

6.4 Tracker System

In order to realize the experiment, the electron spectrometer should fulfill the follow-
ing requirements. First, the momentum resolution should be better than 0.5 MeV/c(rms)
in order to separate the µ-e electrons from the DIO electrons effectively, and thus, the
intrinsic spacial resolution of the tracking detector should be a level of a few hundred
µm assuming ≈ 0.4 T of bending field. Second, the tracking detector should be oper-
ational at a very high counting rate. As described in Chapter 4, approximately 33k
particles per single beam bunch is expected to enter the detector region as a prompt
burst. Thus the tracking detector should be designed to dedicate for such a strong ir-
radiation environment. Therefore, adopting the drift chamber which consists of very
small cell as a tracking detector is suitable to realize this experiment. In general,
the use of a small gap between the anode plane and the cathode plane provides fast
removal of the positive ions produced in the avalanche process, and hence, this allows
reducing the collection time of the positive ions and increasing the rate capability of
the device by reducing the space-charge effect. On the other hand, using small drift
cell obviously results small primary ionization. This, however, can be compensated by
adopting a high gas amplification or asymmetric cell dimension that will be discussed
later as a further considerable option.

Schematic layout of present design of magnetic spectrometer is shown in Figure
6.1. The spectrometer consists of a simple dipole magnet (DB4) sandwiched by four
sets of tracking stations (WC1–4). Each tracking station consists of two orthogonally
placed planer drift chambers, and measures two dimensional position of the particle.
There is a trigger hodoscope (BH1) and a time-of-flight hodoscope (BH2) located
downstream of the spectrometer in order to reject off-timing muon backgrounds.
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Figure 6.7: Schematic view of the cross-section of the drift chamber

Figure 6.7 shows the schematic view of cross-section of the present design of drift
chamber. The anode plane consists of alternating thin 10 µm diameter sense wires
and 20 µm diameter potential wires on a 500 µm spacing. The cathode plane is
located only 600 µm away from the anode plane on both side in order to realize a
very small drift cell as discussed above. The cathode plane is composed by 12.5 µm
thick polyimide film with a few hundred nm thick aluminum or copper deposition.

The sense wire is connected to an embedded readout line through a decoupling
capacitor and bifurcated to the high-voltage supply via a protection high-resistance,
and applied positive voltage at a typical value of 1600 V. The mixture of 80% Ar and
20% C2H6 is adopted to have an enough fast drift velocity and no big gain modification
at the expected environment.

Figure 6.8(a) shows the calculated field contour of the drift chamber, and Figure
6.8(b) shows the simulated drift lines (red solid line) in a drift cell with isochrones
(green dot line) with 2 nsec interval.

The maximum rate of operation of this chamber is expected to be extremely high,
approximately 33k particles will enter when a prompt burst comes. It reflects the
effect of the fast evacuation of the positive ions through the small gap. This effect is
illustrated in Figure 6.8(b). The major part of the positive ion charge (approximately
80%), created closed to the sense wires, is collected by the potential wires or cathode
planes.

As mentioned above, however, adopting a small cell sets off a small number of
primary ionization cluster, namely, a small signal. Thus a realistic signal-to-noise ratio
should be carefully reviewed to guarantee the drift-chamber performances. Figure
6.9(a) shows simulated distribution of number of ionization clusters. Even a small
number of clusters, an average of ∼14, are expected, this can be compensated by a
high gas amplification. As shown in Figure 6.9(b), calculated Townsend coefficient
is relatively large, and hence, it is easy to obtain a high gas amplification for this
chamber, eg. & 104. Assuming this size of primary ionization, gas amplification,
and ×50 of preamplifier with a typical time constant of circuit etc., approximately
tens of volts of pulse height is expected. Thus, if ∼1 mV of noise level is realized,
the signal-to-noise ratio should be good enough. Even the signal size is satisfactory,
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Figure 6.8: Drift chamber simulation with the GARFIELD program (no magnetic
field)

big-bang of electron avalanche caused by prompt burst should be taken into account
carefully. As it was already explained in previous sections, two bunches of burst
stand at the forefront of each beam train with a 600 nsec interval while each bunch
has 33k particles within a 200 nsec pulse width. Assuming the calculated size of
primary ionization and the factor of gas amplification, this prompt burst generates
∼2×109 electrons which is corresponding to 3×10−10 Coulomb per wire, and hence,
an expected instantaneous voltage depression is ∼0.1 V with a help of a few µF of
buffer capacitor. In addition, involving a few pF of fast bypass capacitor helps to
stabilize the voltage even if the prompt burst makes a big voltage depression.

We plan to read each of the sense wire with multistop TDCs. According to the
present design, each plane consists of 400 sense wires, ie. 3200 channels are read in to-
tal. Approximately 2 nsec accuracy of leading-edge measurement is expected which is
corresponding to ∼200 µm of bidirectional spacial resolution while calculated typical
drift velocity is ∼9cm/µsec. The read out of cathode strip will be also considered.

Nonetheless, there is still a potential risk of wire breaking due to a huge amount of
charge generation while the prompt burst. Additionally, even it is dedicated especially
to be operational at the expected high counting rate, however, further considerable
options are useful to ensure a fully operational detector. For this purpose, two options
are under consideration; (A) asymmetric drift cell and (B) switching-voltage
scheme.

The asymmetric drift cell has an asymmetric gap between the anode plane and
the cathode plane, eg. 600 µm gap of one side and 3 mm gap on another side. Such
an asymmetric cell allows a very short path for the positive ions which increases
the rate capability, while a larger gap on the other side of the anode plane allows a
sufficient number of primary electron-ion pairs to be generated. Figure 6.10(a) shows
the simulated drift lines (red solid line) in an asymmetric drift cell with isochrones
(green dot line) with 2 nsec interval. Fast evacuation of the positive ions through the
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Figure 6.9: Drift Chamber simulation with the GARFIELD program (gas property)

lower small gap and enough wide ionization region in the upper big gap are shown.
As shown in Figure 6.10(b), the number of cluster increases by a factor of 2.3 from
the symmetric cell (Figure 6.9(a)). In fact, a similar idea was already demonstrated
by some past developments [49] successfully. This idea helps a lot to compensate a
small number of primary ionization due to small gap.

Even if the asymmetric drift cell is not enough to ensure a full operation, switching-
voltage scheme will help. This scheme is assuming to have an enough fast switching
high-voltage supply which allows to have a blind period of the detector operation.
Data acquisition will open the integration window 300 nsec after the two prompt
burst, and hence, it is not necessary to be operational during the two prompt burst.
Thus the dedicated voltage supply which can realize to blind the prompt burst period
is under development. It is not necessary to fall down the voltage completely; just
reducing a few hundred volt is enough to suppress the gas amplification. According
to the calculated Townsend coefficient (cf. Figure 6.9(b)), it is expected that the gas
amplification is expected to be active at higher than 1kV, and thus, adopting 1.2-
1.3kV of the operation voltage with 200 V of the switching voltage can realize such
a scheme. Nonetheless, the asymmetric cell option should be realized for this scheme
because 1.2-1.3kV is 300 V lower than the originally planned operation voltage.

6.5 Trigger and Data Acquisition System

As it was already described in the previous sections, signal waveforms from all the
counters will be digitized and recorded. Because of the number of RCS extractions
is only 25Hz, it is possible to record the waveform for all the extraction. The record
length for a single extraction will be 20µs, and start 10 µs before the extraction timing
so that the signal before proton hitting the Muon Target will be also recorded for the
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Figure 6.10: Simulation of the asymmetric drift-cell option

Table 6.2: Data size from each detector components.

Component No. of channels fsampling Size per shot
Hodoscope 50 500MHz 0.5MB
Anode 3200 — 0.2MB
Cathode 400 100MHz 0.8MB

background study. The number of channels to be recorded will be 50 maximum.
Signal from the anode wire of the wire chambers will be discriminated and the tim-

ing is recorded by multiple stop TDC. The number of anode channels to be recorded
is 3200. The timing resolution of the multiple stop TDC should be 2 nsec. Signal
waveforms from cathode strips of wire chambers could be digitized and recorded.
Based on the test measurement in 2009, the number of delayed hits per single RCS
extraction is expected to be much less than 11. The data size per single extraction
will be 1.5MB per shot, and 37.5MB/s, and it is fairly easy to handle this level of
data stream.

The total size of data will be about 800TB for 2 × 107 s of data taking. The
most of data will be just baselines without signal hits. Therefore, non-distractive
data suppression will be very effective, and will be more than factor 10 of data size
reduction could be anticipated. The final data size will be a level of 100TB, and
which is well within the available storage size these days.

1They are mostly coming from Michel e− from µ− stopped in the middle of beam line.



Chapter 7

Sensitivity and Backgrounds

Sensitivity of the measurement depends on the choice of configurations. We put the
highest priority to perform the measurement at H-line with the SiC production tar-
get, that gives the best sensitivity. However, in order to illustrate the advantage of
performing the measurement at H-line, the expected sensitivity at the other configu-
ration, such as D-line, will be also discussed in the following sections.

The most serious source of backgrounds is the one caused by late-arriving protons.
The amount of the late-arriving proton has to be suppressed by factor 10−17. Since the
proton beam is fast-extracted from RCS to MLF at once, and the kick angle is much
larger than the physics aperture of the RCS, it is very hard to evaluate the amount
of the late-arriving protons from theory of beam dynamics. It is very important to
monitor the effect of the late-arriving protons along with the physics data acquisition.

7.1 Physics Sensitivity

Single event sensitivity to µ-e conversion process is expressed by the following equa-
tion:

S =
1

Nµ
obs

, (7.1)

where Nµ
obs is a total number of muonic atoms observed. The Nµ

obs can be expressed
as:

Nµ
obs = Rπ− × fπ−→µ−stop × fC × fMC × Aµ−e × T , (7.2)

where Rπ− × fπ−→µ−stop is a µ− stopping rate per second, fC is the atomic capture
rate on the specific atomic species of interest constituting a compound or a gaseous
mixture, fMC is a fraction of µ− that goes to the muon nuclear capture process, Aµ−e

is the total acceptance for µ-e electrons, and T is a time length of the measurement.
The factor fC was estimated by using the Fermi-Teller Z law[34], in which the atomic
capture rate is claimed to be proportional to the nuclear charge of the atom. There
are several reports indicating the shift from the Fermi-Teller Z law, but the shifts are
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only a level of a few of 10% for light nuclei[35]. In this proposal, the Fermi-Teller Z
law was simply used.

The factor fMC is the fraction of the nuclear capture process. It increases as the
atomic number increases since the overlap of the muon wave function with the nuclei
increases as the Coulomb potential becomes deeper. There are both experimental
and theoretical studies about fMC[37, 40].

The Aµ−e can be further broken down to the following expression:

Aµ−e = Abeamline × Adetector × Atracking × AEe-cut × Atime-window . (7.3)

These factors were estimated by using the combination of Geant4 and G4Beamline
simulation for D-line. As for H-line, the result of D-line was simply scaled by using
the design parameter of H-line obtained by the optics calculation.

At first, the µ− stopping positions in the target, where the µ− is produced by
3-GeV protons, was calculated by using Geant4 with QGSP BERT HP hadron code.
Then, these µ− stopping positions are fed to yet another Geant4 simulation code to
produce µ-e electrons isotropically. The typical number of µ− stops in the target in the
simulation was only level of 1000 due to the limit coming from the calculation speed
of the computer. Ten thousands of µ−-e− electrons were produced per each vertex
so that the beamline transmission efficiency (typically 10−3 level) can be properly
estimated for each vertex. The electrons emerging out of the target material were
further tracked by using G4Beamline through D-line and detector down to the final
hodoscope. Figure 7.1(a) shows µ-e momentum spectrum at the entrance of the D-
line. Because of the energy loss in the Muon Target material, the distribution of
the spectrum becomes broad and there is a long tail in the lower momentum region.
Figure 7.1(b) shows µ-e momentum spectrum at the exit of the D-line. Electrons
with momentum lower than 95 MeV/c are not able to transport through the D-line.

The Abeamline is a ratio between the electrons entering the detector and the elec-
trons produced in the target. It includes all the effect from electron energy loss in the
target, beamline acceptance, beamline momentum bite and so on. The Adetector is the
ratio between the particle hit the final hodoscope and the one entering the detector.

The Atracking and the AEe -cut were estimated after performing the fourth-order
Runge-Kutta track fitting. Figure 7.2 shows the result of the track fitting. The
performance of the track fitting itself was already described in Chapter 6. The Atracking

is mostly limited by the track quality cut, in which the track probability is required
to be more than 5%. Those event rejected might be suffered from the large angle
scattering by the chamber material. This effect might be treated in much better way
by using double Gaussian approximation to the multiple-scattering angle distribution
in the future, and the Atracking could be higher than the current value. The momentum
resolution of the track fitter itself is 0.36 MeV/c, thus the distribution of Fig. 7.2 is
dominated by the energy loss of electrons in the target and the beamline acceptance.

The AEe -cut depends on the Ee cut threshold. The threshold was determined to
suppress the DIO background lower than the S.E.S level. It is about 102.5 MeV/c as
will be described in the next section.
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Figure 7.1: Electron momentum spectra calculated with Geant4 and G4Beamline for
D-line and the rotating graphite target.
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Figure 7.2: Electron momentum spectra obtained by the track fitting to the event in
the Fig. 7.1(b).

Table 7.1 summarizes the potential sensitivity for measurements at D-line. Three
different configurations are listed together. The first is to use the existing target and
beamline as it is, the second is replacing the DSEPTUM magnet with much larger
aperture, and the third is replacing the material of the Muon Production Target with
SiC and enlarge the size of ring by 20 mm in addition to replacing the DSEPTUM.

The single event sensitivity of the 1st option is about the same to the current
upper limit 7 × 10−13 for gold given by SINDRUM-II[17]. It is not significant at all.
The third configuration provides almost one-order-of-magnitude improvement over
the SINDRUM-II result. If we consider the difference of nuclei, and the sensitivity to
the new physics can be totally different for the different nuclei[41], this result improves
the measurement for light nuclei almost two orders of magnitude[15]. However, it is
always better to try to maximize the experimental sensitivity as much as reasonably
achievable.

From that point of view, the measurement at H-line will give us the maximum
sensitivity. Table 7.2 shows expected sensitivities for the measurement at H-line with
several different configurations of target assembly. In making this table, we assumed
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Table 7.1: Breakdown of physics sensitivity for the measurement at D-line.

as it is new DSEPTUM SiC target
Muon Target Material C C SiC
Rµ−-stop (/sMW) 10 × 109 10 × 109 15 × 109

fC 1.0 1.0 0.7
fMC 0.08 0.08 0.66
Aµ−e

Abeamline 0.025% 0.05% 0.05%
Adetector 97% 97% 98%
Atracking 81% 81% 81%
Ee cut threshold (MeV/c) 101.0 101.0 102.0
AEe cut 63% 63% 60%
Atime-window 0.75 0.75 0.49
T (s) 2 × 107 2 × 107 2 × 107

S.E.S 6.5 × 10−13 3.2 × 10−13 6.6 × 10−14

NDIO 2.7 × 10−13 2.7 × 10−13 2.4 × 10−14

the improvement of the beamline acceptance by factor 10 ' 110 msr/10 msr based
on the discussion in Chapter 4. It is quite obvious that the measurement at H-line
will provide the best performance. The configuration in the last column in Table 7.2,
measurement at H-line with SiC target, is the one we aim to realize.

7.2 Background

There are two major sources of backgrounds: muon decay-in-orbit, and prompt back-
grounds. Cosmic ray induced backgrounds will be also discussed.

7.2.1 Muon Decay-in-Orbit Backgrounds

When a muonic atom is formed, the muon come to its ground state very quickly.
Then, it either be captured by a nucleus with emitting a neutrino (nuclear muon
capture) or decays in orbit (DIO). These two processes are concurrently happening,
and the total width of the muon reaction becomes wider than the width of the muon
in free space. For instance, about 92% of muons decay in orbit for an carbon target.
Their energy spectrum in the energy region lower than 52.5 MeV mostly resembles
the Michel spectrum of ordinary muon decays, but a high energy tail exists due to
nuclear recoils, and it extends up to the same energy as the µ-e conversion signal.
Thus, the electrons from DIO become one of potential background sources.

The energy spectra of DIO electrons are studied with nuclear-recoil energy taken
into account[24]. With the approximation of a constant nuclear-recoil energy, the
electron spectrum with an expansion in powers of the electron energy (Ee) at the
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Table 7.2: Breakdown of physics sensitivity for the measurement at H-line.

Target Configuration Graphite large Graphite large SiC
Muon Target Material C C SiC
Rµ−-stop (/sMW) 10 × 109 15 × 109 15 × 109

fC 1.0 1.0 0.7
fMC 0.08 0.08 0.66
Aµ−e

Abeamline 0.25% 0.25% 0.25%
Adetector 97% 98% 98%
Atracking 81% 81% 81%
Ee cut threshold (MeV/c) 102.0 102.0 102.5
AEe cut 49% 60% 52%
Atime-window 0.75 0.75 0.49
T (s) 2 × 107 2 × 107 2 × 107

S.E.S 8.3 × 10−14 5.7 × 10−14 1.5 × 10−14

NDIO 5.5 × 10−14 5.5 × 10−14 0.9 × 10−14

Table 7.3: Numerical values of D, E, F and the energy of µ−−e− conversion electrons.

Material Z D(×1021) E(×1021) F (×1021) Eµe (MeV)
C 6 0.280 0.700 2.00 105.10
Al 13 0.388 1.03 2.50 104.99
Si 14 0.495 1.35 3.00 104.93
Ti 22 2.08 6.36 14.00 104.27

end-point energy is given by

N(Ee)dEe =

(
Ee

mµ

)2 (
δ1

mµ

)5 [
D + E ·

(
δ1

mµ

)
+ F ·

(
δ

mµ

)]
dEe, (7.4)

where δ = Eµe − Ee, δ1 = Eµe − Ee − Erec and Erec is the nuclear-recoil energy given
by Erec = E2

e/(2MA). The coefficients D, E and F as well as the end-point energy
are calculated as shown in Table 7.3 by interpolating parameters given in [24]. It
should be stressed that the spectrum falls off sharply as the fifth power of δ1 towards
its end-point, (δ1)

5 ≈ (Eµe − Ee)
5.

Since the Eq.(7.4) is valid only near the endpoint of the spectrum, the numerical
values of the spectrum shapes of DIO electrons compiled by Watanabe et al.[25] was
used for the lower energy region. Both the spectra are connected smoothly at around
Ee ' 100 MeV. The total energy spectra of DIO electrons calculated by the method
explained above was already shown in Fig. 6.2 for both carbon and aluminum cases.

In order to evaluate the background contribution from DIO electrons, the the-
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Table 7.4: Expected DIO backgrounds assuming the detector resolution being a single
Gaussian with σ = 0.5 MeV/c.

C Al SiC
Ee > 100.0 MeV 9.5 × 10−13 2.0 × 10−13 4.2 × 10−13

Ee > 101.0 MeV 2.7 × 10−13 5.5 × 10−14 1.2 × 10−13

Ee > 102.0 MeV 5.5 × 10−14 1.1 × 10−14 2.4 × 10−14

Ee > 102.5 MeV 2.1 × 10−14 4.1 × 10−15 9.2 × 10−15

oretical DIO spectra were convoluted with the response function of the momentum
measurement. The response function is assumed to be a single Gaussian, and several
cases of the tracker resolutions were considered. Then, the total amount of DIO is nor-
malized to the nuclear capture process since the µ-e conversion process is normalized
to the nuclear capture process too:

R(µ− + A[N,Z] → e− + A[N,Z]) =
Γ(µ− + A[N,Z] → e− + A[N,Z])

Γ(µ− + A[N,Z] → νµ + A[N,Z-1])
.

For examples, in carbon target, the ratio between the muon nuclear-capture process
and DIO is 0.08:0.92, that means there will be 0.92/0.08 = 11.5 times of DIO per a
single muon nuclear-capture process. It is only factor 0.67 and 0.66 for aluminum and
silicon, respectively. In the Fig. 6.2 shown in the Chapter 6, differential and integral
spectra for several different tracker resolutions were shown. Table 7.4 summarizes the
expected DIO backgrounds for several different energy regions. The DIO is certainly
one of potential backgrounds, but it can be controlled at a cost of sensitivity loss due
to raising Ee.

7.2.2 Prompt Backgrounds

The most dangerous source of background is the prompt electrons coming from late-
arriving protons. Based on the knowledge we obtained in the beam test in 2009, the
expected number of prompt beam particles in the momentum region 100–105 MeV/c
is about 5 × 10−7 per proton on the Muon Production Target for D-line. The total
number of on-timing protons on the Muon Production Target for 1MW operation
of J-PARC RCS for 2 × 107 s of the running time is 4 × 1022, and there should be
about 2 × 1016 of prompt electrons produced. In order to suppress number of these
events less than 1, the probability of the late-arriving protons in the detector time
window should be 5× 10−17 of the on-timing proton. Now, this requirement seems to
be extremely difficult at the first sight, but it is not clear yet.

It is note worth that the mechanism of producing the off-timing protons in this
experiment is totally different from that of COMET[21]. In COMET, a bunched slow
extraction will be used to produce pulsed proton beam. RF buckets in the MR will be
kept on during the extraction period, which is about 1 second, and the beam in the
MR will be gradually moving towards the resonance. Part of the beam particles which
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have larger betatron amplitude are hit the betatron resonance and move toward the
outside of the beam packets, and the orbit of those halo beam will be bent by septum
magnets towards the experimental area. Parts of the beam will be scattered off the
septum foil, and stay in the MR to degrade the time structure of proton pulse. There
will be also residual protons sitting in the ”empty buckets”, and they are source of
off-timing protons.

On the other hand, in DeeMe, proton beam in RCS will be fast-extracted at
once by kicker magnet system. After extracting the beam from the RCS, the kicker
magnets fall down very fast so that the residual protons in the first bucket would feel
only 10% of the full excitation magnetic field. Figure 7.3 illustrate this situation. In
addition, the acceptance of the extracted beamline from RCS has been designed so as
to be located outside of the physical aperture of RCS. This is illustrated in Fig. 7.4.
The ring collimator aperture is 324πmm·mrad, and the extraction aperture is the
same pulse additional 9 mm for the safely margin[50]. The beam emittance will be
81πmm·mrad for the core[51]. This is totally different from the design of J-PARC
MR, where the fast extraction acceptance of MR is 19.5π mm·mrad while the beam
emittance is 5π mm·mrad but the collimator aperture is 54π mm·mrad. Such design
of RCS was originally motivated to reduce the beam loss during the extraction, but
it is also beneficial to reduce the late-extracted beam. Even if there is beam halo
in the RCS ring, any particles in the halo will hit the collimator before accidentally
extracted from the RCS ring.

Figure 7.3: RCS extraction kicker timing. Red dotted ellipse shows a position of the
1st RF bucket after a turn-around in the RCS. The plot was taken from [52].

This can be partially monitored by looking at the secondary beam activities in
MLF before the extraction time. Figure 7.5 shows waveforms from plastic counters
located at Area D2 during the test experiment in 2009. There is no particles observed
in the time region before the extraction (< 10.5 µs). After accumulating more than
2×105 of the extraction events, no hits before the extraction time was observed. This
implies the probability of the accidental extraction of the beam from RCS during the
kickers being off is less than 10−9, and it is statistics limited upper bound.
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Figure 7.4: Relation between the beam size, the collimator and the extraction aper-
ture of J-PARC RCS. This illustration was taken from [53].

The rate of the late-arriving protons should be less than one per 10 seconds,
and this is totally outside of any monitors currently equipped in the RCS. It is also
difficult to monitor it by using a simple counter coincidence since there will be delayed
electrons coming from muon Michel decays, where muons stop in the counter. The
only way to measure it is to momentum analyze the electrons and reject Michel decays,
which is actually the same to the proposed measurement to search for µ-e conversion.

Figure 7.6 shows the momentum spectrum of the prompt electrons. The slop
above 50 MeV is gentle and there is no structures in the spectrum. The change of the
spectrum from 100 MeV/c to 110 MeV/c is only 10%. In the proposed experiment, the
momentum region above 105 MeV/c will be monitored simultaneously. The integrated
acceptance of D-line above 105 MeV/c is about the same to that of the signal region
(100–105 MeV/c) as it can be seen in the Fig. 4.4(b). Therefore, it is possible to
monitor the prompt background at the same level to the µ-e signal. In order to
improve this situation, DSEPTUM should be modified to have much wider horizontal
aperture. Then, the acceptance of the higher momentum region will be about doubled.

As it was already mentioned, the quick beam test showed that the probability of
off-timing protons is less than 10−9. From the same test, we obtained the probability
of late-arriving protons begin less than 10−6, where the measurement was limited by
the background coming from Michel-decay electrons[54]. Therefore, the exact value
of the rate of the late-arriving proton is still unknown. Please note that even if it
does not fulfill our requirement, there are several ways to improve it. For examples,
it would be possible to scrape the halo of proton beam before the extraction by using
bump magnets in RCS. The extra kicker could be place between RCS and MLF to
clean up the late-extracted particles. These kickers could be treated as spares to the
main kicker system, then there would be no extra cost from our funding. The study
for understanding the late-arriving protons from RCS is preferable. But, it should be
noted that the background coming from the late-arriving protons will be monitored
during the data taking.
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Figure 7.5: A snap shot of signal waveforms recorded during the beam test in 2009.
Upper waveform is the normal photomultiplier and the two peaks corresponds to two
proton pulses from RCS. Lower waveform is from gating-grid PMT, and the PMT
gain is sensitive enough to see single pulses as seen around t = 18 µs. Please note
that this particular pulse was identified as a noise since there is no hit in the other
counters in coincidence. Noises between 10–13 µs are from gating circuit and not
from the real particles. There are no hits before t = 10.5 µs.

7.2.3 Cosmic Ray Backgrounds

The cosmic-ray induced electrons could be a source of background, but there is an
advantage in the proposed experiment regarding to the cosmic-ray induced back-
ground. The duty factor of the detector live time is only an order of 10−4. In the
COMET/Mu2e, where the duty factor is almost 1, the cosmic-ray veto is needed to re-
duce the cosmic-ray induced background by factor 10−4. In the proposed experiment,
there is no cosmic-ray veto counters, thus the expected number of cosmic-ray induced
background will be 104 times larger per detector-live time, but it will be compensated
by the duty factor. In addition, the sensitivity goal is two orders of magnitudes larger
than COMET/Mu2e. Therefore, the cosmic-ray induced backgrounds will be small
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Figure 7.6: Total energy spectrum of prompt electrons produced by 3-GeV protons
hitting graphite target.
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enough.

7.2.4 Neutron Induced Backgrounds

High-energy neutrons will be produced at the neutron target, and the part of them
will flight back to the Muon Target, and produce 100-MeV electrons. The kinetic
energy of neutron has to be larger than 100 MeV in order to produce the 105-MeV/c
electron. The velocity of such neutron is faster than 0.41 of the speed of light. The
distance between the Muon Target and the Neutron Target is 33 m, thus the 100-
MeV neutron will take 260 nsec from the Neutron Target to the Muon Target. Since
the primary proton takes 115 nsec from the Muon Target to the Neutron Target, the
neutron induced background will be delayed by 400 nsec if it exists. The neutrons
with much higher energy will take shorter time.

The detailed study should be done with well established neutron code such as
MCNP. However, it should be noted that the background can be rejected by moving
the detection time window if necessary.



Chapter 8

Cost and Schedule

8.1 Cost

The cost estimate is shown in Table 8.1.
The construction of H-line and replacing the production target with SiC material

for the maximum sensitivity will cost 16 Oku-Yen. However, please note that the 15
Oku-Yen is for the construction of H-line, and the H-line is not exclusively for this
program. Many other physics programs, such as muon g − 2, muonium hyper fine
splitting measurements, muonium-antimuonium conversion search and so on, can be
performed by using this H-line. The additional component only used for this program
is the kicker system and modification to HS1 to enlarge the bore. After finishing the
program, the area could be used for other surface-µ+/cloud-µ− experiments. There-
fore, the construction cost for H-line has to be borne by the facility.

The cost for the detector construction is about 1 Oku-Yen. Since the specification
of the spectrometer magnet is very common, the possibility to procure a secondhand
magnet from outside such as TRIUMF will be seriously considered. The modification
of the material of the muon target is only for this program. If the construction of
H-line is delayed, the first measurement could be performed at D-line before moving
to H-line. In that case, the modification of D-line will cost 70,000 kJPY in addition.
In the case of measurement at D-line, it will cost 1.7 Oku-Yen in total. It is within
the framework of the Grant-in-Aid for Scientific Research.

8.2 Schedule

The keys to the success of the program are:

1. acceptance of the secondary beamline,

2. suppression of the late-arriving protons from RCS.

The aim of the experimental group is to obtain the significant physic result within
5 years. In order to achieve the goal, we firstly concentrate on the design and con-
struction of H-line, and the evaluation of the late-arriving protons. Then, at around
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Table 8.1: Cost Estimate.

Item Cost (kJPY) Note
Detector

Spectrometer Magnet (30,000) Reuse the existing magnet.
Hodoscope 10,000
Tracking Chamber R&D 3,000
Tracking Chamber 50,000 Including frontend
Readout Backend 10,000
Sub Total 73,000

Muon Target Modification
SiC Target 30,000

H-line Construction
HS1 400,000
HS2–5 300,000
HB1 50,000
HB2–4 90,000
Quadruples 50,000
Kicker Magnets 60,000
Kicker Power supply 160,000
Vacuum 30,000
Magnet Power supplies 300,000
Install 40,000
Sub Total 1,480,000

D-line Modification
D-line kicker PS modification 50,000
DSEPTUM modification 20,000
Sub Total 70,000

the end of 2012, the progress would be reviewed. If the realization at the H-line will
be delayed, the first measurement would be performed at D-line, and the detector
will be moved to the H-line afterward.



Chapter 9

Summary

We propose to search for the µ− − e− conversion in nuclear field at J-PARC MLF
with a sensitivity of 10−14, two orders of magnitude below current limits.

A CLFV signal may be seen in near future by experiments which improve the
current limits. It is conceivable that the CLFV signal lies waiting to be discovered
right under the current limit. A new experiment searching for µ− − e− conversion
process at the 10−14 level would be a highly competitive addition to the field.

The experiment will be conducted by using the muon beam provided at MLF.
Our intention is to realize the experiment in a timely manner by making a use of the
MLF muon target system as a muon-stopping target to form muonic atoms, and the
muon beam line with kicker to suppress the detector rate.

The muonic atom formation rate in the rotation muon target in MLF is as high
as 1010/sec/MW. If a large-acceptance high-momentum electron beamline is built as
H-line, the single event sensitivity will be 1.5 × 10−14 for 2 × 107 sec of physics run.
The proposed H-line is compatible with other muon experiments such as muon g− 2,
muonium hyper fine splitting measurement, muonium-antimuonium conversion, and
so on.

The most serious source of backgrounds would be from the late-arriving protons
from RCS. The amount of having such protons within the measurement time win-
dow has to be suppressed less than 10−17 of the number of main protons. Although
it is very unlikely to having the late-arriving protons from RCS due to the extrac-
tion scheme of the RCS, dedicated studies would be very helpful. Since it will be
monitored in the main measurement, we can still go for the physics run without full
understanding of the suppression factor.

The cost that needed only for this experiment is about 1 Oku-Yen. The construc-
tion of H-line is needed for the maximum sensitivity, but the beamline can be used
for many other fundamental muon science programs.

We would like to ask KEK for supports in the development of the pulsed proton
beam with a good suppression on the late-arriving protons and H-line construction.
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