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6. Muon Beam

Figure 26: Overview of the COMET Phase-I Muon Beam line.

The COMET Phase-I muon beam line consists of a section for pion production and capture, a muon
transport section and a muon collimation section;. These three elements are descibed in the following
sections. At the ‘downstream’ end of the muon beam line is the detector solenoid. The schematic
layout of the COMET Phase-I muon beam line is shown in Fig. 26.

6.1 Pion Production

The COMET experiment uses negatively-charged low-energy muons, which can be easily stopped in
a suitable thin target. The low-energy muons are mostly produced by in-flight decay of low energy
pions. Therefore, the production of low energy pions is of major interest. Conversely, we wish to
eliminate high-energy pions, which could potentially cause background events.

6.1.1 Comparison of di�erent hadron production codes

In order to study the pion and muon production yields, di↵erent hadron production simulations were
compared. The comparison of the backward yields of ⇡

� and µ
� three metres away from the proton

target for di↵erent hadron production codes is given in Table 3. It is found that there are a factor of 2.5
di↵erence between di↵erent hadron production programs. Among them, the QGSP BERT and FTFP BERT

hadron production models have the lowest yield. Therefore, to make a conservative estimation, the
QGSP BERT hadron production model is used to estimate and optimize the muon beam.

Figure 27 shows the momentum distributions for various particles produced by 8 GeV proton bom-
bardment at the location of the end of the pion capture solenoid sections.

6.1.2 Adiabatic transition from high to low magnetic fields

The pions captured at the pion capture system have a broad directional distribution. In order to
increase the acceptance of the muon beamline it is desiarable to make them more parallel to the beam
axis by changing the magnetic field adiabatically. From the Liouville theorem, the volume in the phase
space occupied by the beam particles does not change. Under a solenoidal magnetic field, the product
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Figure 1.1: Schematic layout of COMET Phase-I.
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µ-e conversion & COMET

‣ The COMET experiment at J-PARC searches for the neutrinoless coherent transition of a muon to an electron in the field of 
an aluminum nucleus, which violates the lepton flavor conservation and has never been observed yet thus far.  

‣ The conversion rate is predicted to be enhanced in new physics models beyond the Standard Model, while the process is 
extremely suppressed in the Standard Model.  

‣ The goal of the COMET is to explore the µ-e conversion with single event sensitivity of 3×10-15 and 3×10-17 in Phase-I 
and Phase-II, respectively, which is 100 and 10,000 times better than the current limit.  

‣ COMET Phase-I:  
•  J-PARC 8GeV-3.2 kW proton beam → Capture Solenoid → Transport Solenoid (90-deg bend) —> Cylindrical Detector System
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Signal & background
‣ The signal of the µ-e conversion is ~105 MeV mono-energetic electrons, 

‣ while the backgrounds are  
1. Decay-in-orbit (DIO) electrons 
2. Prompt beam-related BG 
3. Cosmic-ray induced BG.
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Eμe = mμ − Bμ − Erec = 104.97 MeV for Al



Signal & background
‣ The signal of the µ-e conversion is ~105 MeV mono-energetic electrons, 

‣ while the backgrounds are  
1. Decay-in-orbit (DIO) electrons 
2. Prompt beam-related BG 
3. Cosmic-ray induced BG. 

‣ In order to distinguish the signal from the background, good momentum resolution of 200 keV/c is required.
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COMET CDC
‣ In the COMET Phase-I, the converted electrons, which possess 

monochromatic momentum of 105 MeV/c, are detected with a 
cylindrical drift chamber (CDC) in a solenoidal magnetic 
field of 1 T. 

‣ Trigger signals are issued by a combination of scintillation & 
Cherenkov hodoscopes placed at inner side both upstream & 
downstream of CDC. 

‣ In this low momentum region around 105 MeV/c, momentum 
resolution is dominated by the multiple-scattering effect. 

‣ In order to realize the excellent resolution of 200 keV/c, low-
mass tracking region is essential.  

• He:i-C4H10 (90:10) gas mixture for CDC 

• Al field wires with 126-µm diameter 

• Thin CFRP inner wall with 0.5 mm

!5

1 T
µ

e Stopping
Target
(Al discs)

CDC

1.5 m

1 m

#Note: target volume is filled with He gas.  
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 layer of the 

) 

R=41.36cm: 1mm-t CFRP (L=90cm)

[mC/cm] [%/(mC/cm)]
Experiment Gas Mix Charge ∆G/G Aging
CDF Ar:Eth:Alc 130 <1 ∼ 20
(Run 2) 50:50:1
ZEUS Ar:Eth:CO2 100 <

∼
0.1

83:5:12
H1 Ar:Eth:H2O < 10 >

∼
1

50:50:0.1
HERA-B Ar:CF4:CO2 2300 ∼ none
(test) 65:30:5
BaBar He:i-C4H10:H2O 12.7 0.5

80:20:0.4
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Figure 77: Summary of ageing studies for other experiments.
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Figure 78: Spectrum fraction of the decay-in-orbit (DIO) electrons with trigger counter hits.

Figure 79: 3D CyDet Event display for beam pulse, where tracks are drawn in solid lines and the hits projected
to the endplates are shown in dots.

of one within the measurement window. The photons and neutrons from nuclear muon capture do not
produce any high momentum tracks that will reach the CyDet. A typical event displays of the CyDet
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Typical tracks in an event
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Design of CDC
Feature of CDC Specification:  
‣ Large inner diameter of ~1 m 

- Most of DIO electrons (< 60 MeV/c) do not reach CDC 

‣ Cell structure 
• Alternating all stereo layer:  64~75 mrad 

- for good resolution in longitudinal direction
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7.1. Cylindrical Drift Chamber

7.1.1 Design

The cylindrical drift chamber (CDC) reconstructs tracks of charged particles in the solenoidal
magnetic field and measures their momenta precisely. It is designed to avoid high hit rates due
to the beam particles, muon-decay-in-orbit (DIO) electrons, and low energy protons emitted
by muon nuclear capture process. Among the small fraction of particles which eventually enter
CDC and leave hits, DIO electrons and low energy protons will dominate. It is noted that
the hits of protons can be easily identified using energy deposit in the CDC cells, because the
energy loss of a low energy proton is about 100 times larger than that of a signal electron.
The main parameters of the CDC are summarized in Table 7.1. The radii of the inner and
the outer walls are determined to avoid DIO electrons with momentum less than 60 MeV from
hitting the CDC and to fully cover the tracks of 105 MeV signal electrons. The momentum
resolution ‡p of the CDC must be about 200 keV/c for the 105 MeV electrons to achieve the
target sensitivity of COMET Phase-I. For such a low energy region the intrinsic momentum
resolution is dominated by multiple scattering e�ects. Therefore, the CDC must be a low-mass
detector. These requirements lead to the choices of the cell configuration, the wires, and the
gas mixture as described below.

Table 7.1: Main parameters of the CDC.
Inner wall Length 1495.5 mm

Radius 496.0≥496.5 mm
Thickness 0.5 mm

Outer wall Length 1577.3 mm
Radius 835.0≥840.0 mm
Thickness 5.0 mm

Number of sense layers 20 (including 2 guard layers)
Sense wire Material Au plated W

Diameter 25 µm
Number of wires 4986
Tension 50 g

Field wire Material Al
Diameter 126 µm
Number of wires 14562
Tension 80 g

Gas Mixture He:i-C4H10 (90:10)
Volume 2084 L

7.1.1.1 Layer configuration

The CDC is arranged in 20 concentric sense layers (including 2 guard layers) with alternating
positive and negative stereo angles. Cylindrical drift chambers with only stereo layers have
been constructed in the past, for example, the KLOE drift chamber. The 1st and 20th sense
layers have a lower HV and act as a guard layer to remove the space charge that accumulates
due to ionizations created in the regions between the inner (outer) walls and the guard layer,
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resolutions, and suppresses photon interactions owing to its small cross section to photons.

Figure 7.7: Typical drift lines for the CDC cell under a 1 Tesla magnetic field from a Garfield simu-
lation. The gas mixture of He:i-C4H10 (90:10) is assumed.

7.1.1.4 Mechanical design

There are three main mechanical parts composing the CDC: the endplates, the inner wall and
the outer wall. Two designs of the endplates had been considered in the past: a flat plate design
and a tapered plate design. In the end, a tapered plate design is chosen to adequately support
a 1.4 ton wire tension load. The outer wall of the CDC is made of CFRP with a thickness of
5 mm, and the inner wall of the CDC is made of 0.5 mm CFRP. It is noted that it was planned
originally to place a proton absorber in front of the CDC inner wall to minimizes the number
of protons entering the detector from muon capture in the stopping target. However, the latest
study of the proton emission rate (discussed in Section 13.2.4) indicates su�ciently low proton
yield, requiring no proton absorber in front of the CDC.
The mechanical strength has been calculated using the SolidWorks (Premium 2013 x64 Edition)
CAD program incorporating a Finite Element Analysis function. The wire load Fwire and the
taper angle of the endplate ◊EP were varied in the ranges of 7800 ≥ 12700 N/m2 and 0 ≥ 20¶ to
evaluate the stress and deformation of the endplates and the outer wall of the CDC. It is noted
that no CDC inner wall was installed in the setup of this study strength since it is too thin to
hold the wire load. Figure 7.8 and 7.9 show the results of stress and deformation calculations
respectively, calculated for Fwire=9800 N/m2 and ◊EP = 10¶. Figure 7.10 summarizes the
deformation of the CDC as a function of the endplate taper angle for two di�erent wire tension
load cases. The total wire tension load is calculated to be Fwire=12700 N/m2 based on the
paramters described in Table 7.1. The maximum deformation of the endplate is estimated to
be 1.1 mm for Fwire=12700 N/m2 and ◊EP = 10¶. This meets our requirements. The final

94

16.8 mm

16
 m

m

Electron drift lines



Construction of CDC
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COMET Phase-I CDC 検出器

COMET Phase-I レイアウト
陽子ビーム

ミューオンビーム

CDC検出器
パイオン生成・捕獲部

ミューオン静止標的 
(アルミニウム)

電子

µ� +Al ! e� +Al

ミューオン-電子転換過程の探索

COMET Phase-I CDC検出器 ポスター製作：大阪大学・高エネルギー加速器研究機構IPNS

- ニュートリノを伴わない転換過程 
  → 標準模型を超える新しい物理を示唆！？ 
- 非常に稀な過程なので大量のミューオンが必要 
 → J-PARCの大強度陽子ビームを利用 
- 約105 MeVの単一運動量の電子 を探索 
　 → CDC 検出器で高運動量分解能を実現

CDC (Cylindrical Drift Chamber) 検出器

CDC検出器の建設 (2014年～2016年)

- 円筒状のドリフトチェンバー検出器 (直径:1.7 m、長さ:1.5 m) 
　 → 約２万本のワイヤーを張り、高電圧(約2 kV)を印加 
- チェンバー内部には、ヘリウムベースのガスを封入 
　 → 電子などの荷電粒子がヘリウムと衝突しイオン化 
　 → 生じた電子が高電圧のワイヤーに引き寄せられる(ドリフト) 
　 → 増幅された信号を読み出して、電子の軌跡(通り道)を記録 
- 1T(テスラ)の超伝導電磁石中で、電子が回転運動する 
　 → 回転半径から運動量を測定し、ミューオン-電子転換を探索

エンドプレートの製造 CDC試作IV号機 (実機の1/60)
・片側約2万個の穴を0.05mmの精度で加工 
・製作に約半年、洗浄・穴の面取り加工等を経て 
　外筒CFRPと結合

KEK富士実験棟B4クリーンルームへ搬入
・エンドプレート+外筒の状態で輸送 
・Belle-II CDC用の架台をCOMET CDC用に改造して使用 
・CDC検出器を回転させながら、ワイヤーを張る

・長さ60 cm、15°/360°のトリミングサイズ 
・サイズ以外は実機と同仕様 
・最終性能試験に使用

・直径25ミクロンのタングステンワイヤー(高電圧)が4986本 
・直径125ミクロンのアルミニウムワイヤーが14562本 
・全数の導通試験・張力測定も完了

約2万本のワイヤー張り完了 CDC検出器の完成・動作試験内筒CFRPの挿入
・厚さ0.5 mmの内筒CFRPをクレーンで挿入 
・内側のアルミニウムフィルムで電場の成形 
・隙間はシリコンゴムを使って密閉

研究開発

・ガス漏れ試験が完了 
・宇宙線を用いた動作試験・性能評価試験が進行中 
・最終的に東海村へ輸送、COMET Phase-I 開始！
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Drilling holes on endplates 
with precision of 50 µm

Outer structure was transported to a KEK assembly hall,  
and set on a wire stringing cradle.

Wire stringing and tension measurement  
for 19,548 wires were carried out in a half year.

2014 2015

2015 2016

Installation of inner wall 
made of 0.5-mm thick CFRP

Completion of COMET CDC



Wire tension assurance
!8

Criteria 
• Sag for sense wire < 70 µm 
• Sag difference with neighbor wires < 100 µm

Nominal 
value

Material Diameter Tension Sag

Sense (Au-)W 25 µm 50 g ~50 µm

Field Al 126 µm 80 g ~120 µm

Gravitational Sag:

 - 2 -

L Tg 

B 

１．１．１．１．概要概要概要概要 

 
1.1.1.1.1111．．．．    目的目的目的目的    

 ワイヤーテンション測定器䛿ワイヤーチェンバー䛾ワイヤー䛾張力を一定とするために、ワイヤー䛾張力を測

定します。許容誤差範囲外となった張力䛾ワイヤー䛿貼り直し、再度張力を測定する。 

 

1.2.1.2.1.2.1.2. 測定原理測定原理測定原理測定原理    

 ワイヤー（弦）䛾基本振動における共振周波数 F [Hz] 䛿、ワイヤー実効長 L [cm]、ワイヤー䛾線密度 ρ[g/cm]、

張力 T [gW]を用いると、以下䛾式によって表される。 

ρ
T

L
F

2
1

=  

これより、張力 T 䛿、 

( )22 FLT ×××= ρ  

となる。つまり、ワイヤー線密度 ρ、ワイヤー実効長 L、共振周波数 F が求まればワイヤー䛾張力 T が決定するこ

ととなる。ワイヤー線密度䛿計算より求める事ができ、ワイヤー実効長 L 䛿設計値から、既知䛾値である䛾で、共

振周波数 F を求めることが必要となる。以下に共振周波数 F を求める方法を示す。 

 

 

 

 

 

  

 磁場中に張られた金属ワイヤーに交流電流を流すと、ローレンツ力によってワイヤー䛿振動する。電流䛾周波

数がワイヤー䛾固有振動数に近づくと、ワイヤー䛾振幅䛿増大し、そ䛾運動に伴って、ワイヤーに誘導起電力が

発生する。こ䛾誘導起電力䛾向き䛿レンツ䛾法則により、ワイヤーに流れる電流を妨げる向きに発生する。こ䛾

結果、ワイヤー䛾インピーダンスがあたかも増加したか䛾ように見える。つまり、ワイヤー䛾インピーダンス䛾変化

を観測することによって共振周波数が測定できる。 

 

Resonant Frequency:

2016/04/19

L = 1477~1593 mm

In May 2015, we started to string wires. The stringing was conducted in a clean room in the
Fuji building B4 in KEK. Workers wore clean suits and shoes with gloves, caps and masks to
avoid dust. Temperature and humidity in the room were controlled by an air conditioner at
all times. During the whole period of stringing, we found the conditions were kept within 19.5
≥ 23.5 ¶C and 30 ≥ 55% for the temperature and relative humidity, respectively. The wires
were strung from outside to inside of the CDC. Figure 7.40 shows the number of total strung
wires as a function of consumed working days. There was no serious trouble, and the speed
of the stringing was gradually improved. The wires were strung by trained company workers.
Tension measurement of strung wires was carried out by COMET-CDC crews on the same day
as when the wires were strung. The tension of each wire was determined by measuring the wire
resonance frequency. Alternating current frequency was scanned in a magnetic field to find the
resonance point. The resonance frequency, f , is given by

f = 1
2L

Û
wg

fl
,

where L, fl, w and g are the wire length, its linear density, the tension weight, and the grav-
itational acceleration, respectively. The gravitational sag, s, at the wire center is calculated
from

s = flL2

8wg
.

The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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Figure 7.40: Progress plot of the wire stringing. It
took 121 working days to complete all wire string-
ing.
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Figure 7.41: Transition of the displacement be-
tween two endplates and total load by strung wires
and tension bars.

In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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In May 2015, we started to string wires. The stringing was conducted in a clean room in the
Fuji building B4 in KEK. Workers wore clean suits and shoes with gloves, caps and masks to
avoid dust. Temperature and humidity in the room were controlled by an air conditioner at
all times. During the whole period of stringing, we found the conditions were kept within 19.5
≥ 23.5 ¶C and 30 ≥ 55% for the temperature and relative humidity, respectively. The wires
were strung from outside to inside of the CDC. Figure 7.40 shows the number of total strung
wires as a function of consumed working days. There was no serious trouble, and the speed
of the stringing was gradually improved. The wires were strung by trained company workers.
Tension measurement of strung wires was carried out by COMET-CDC crews on the same day
as when the wires were strung. The tension of each wire was determined by measuring the wire
resonance frequency. Alternating current frequency was scanned in a magnetic field to find the
resonance point. The resonance frequency, f , is given by

f = 1
2L

Û
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,

where L, fl, w and g are the wire length, its linear density, the tension weight, and the grav-
itational acceleration, respectively. The gravitational sag, s, at the wire center is calculated
from

s = flL2

8wg
.

The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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Figure 7.41: Transition of the displacement be-
tween two endplates and total load by strung wires
and tension bars.

In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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After replacing bad wires, all the wires satisfy the criteria.
-100 µm

wg

ρ = wire linear density



Performance tests
‣ CDC performance tests using cosmic rays are being carried out 

with step-by-step upgrade of readout & surrounding systems as 
well as analysis scheme. 

‣ We have obtained spacial resolution of 170 µm & efficiency of 95% 
so far. 

‣ The performance tests will be continued in this year to precisely 
investigate whole region of the CDC. 

!9

7.1.7 Results from Cosmic-ray Tests

A performance evaluation test using cosmic rays started in summer 2016 after the completion
of the CDC. Stable operation of the CDC is achieved with He:i-C4H10 (90:10) gas mixture and
with applied high voltage up to 1850 V. Figure 7.46 shows typical event displays where a clear
cosmic-ray track can be drawn. From the deviation of drift distance from the distance of closest
approach between a hit wire and a reconstructed track, a residual distribution is obtained in
Figure 7.47(a). A position resolution is derived to be 170 µm including a tracking uncertainty.
Hit e�ciency is defined as a fraction of hit events which have the residual within ±3‡ to total
reconstructed tracks. The hit e�ciency increases with the applied high voltage as shown in
Figure 7.47(b), and comes up to 95% at 1850 V.
The cosmic-ray test is ongoing as of the end of 2017 with step-by-step upgrade. The preliminary
results obtained so far demonstrate a good performance as expected. Detailed analysis results
will be reported in a separate paper.
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Figure 7.46: (a) Typical event display of CDC cosmic-ray test. (b) Zoom view of the event display.
Hit wires are marked with red circles whose radii correspond to the drift lengths.
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Figure 7.47: (a) Residual distribution for the layer-10 at 1825 V. The distribution is fitted with a
Gaussian. (b) Hit e�ciency for applied high voltages.
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Summary
‣ The COMET experiment aims to search for the µ-e conversion. Preparation for the COMET 

Phase-I is intensively in progress. 

‣ Cylindrical detector system is used for the Phase-I physics measurement. 

‣ COMET CDC is designed to achieve 200-keV/c momentum resolution for 105-MeV/c signal 
electrons. 

‣ Construction of CDC was successfully completed. 

‣ Performance tests are ongoing and reasonable resolution & efficiency are obtained so far.

!10

‣ Performance tests will be finished in this fiscal year. 

‣ We plan to transport CDC from KEK to J-PARC and install to Detector Solenoid in 2019. 

‣ Integrated cosmic-ray BG measurement will start from 2020.

Prospects


