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Physics Motivation
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Sensitive test of two-body bound state QED
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Resonant Laser Ionization of 
Muonium (~106 µ+/s)

3 GeV proton beam
 ( 333 uA)

Surface muon beam 
(28 MeV/c, 4x108/s)

Muonium Production 
(300 K ~ 25 meV) Super Precision Magnetic Field

(3T, ~1ppm local precision)
Super Precision Magnetic Field
(3T, ~1ppm local precision)

Silicon Tracker

66 cm diameter

Input to
muon g-2 exp.

aμ=
R

λ−R
, R=

ωa
ωp
, λ=

μμ

μp

From Muonium HFS measurement



  

Experimental Method
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Muonium
Positro

nRF cavity
＋

Kr gas chamber

Absorber

B-fie
ld

Positron Counter

~200 mmµ+  beam

Beam
Profile
Monitor

- Cavity and Positron Counter
  are located in B-field.
- Count decay positrons with
  and without microwave.
- Positron Counter is located
  upstream too.

Experimental Setup



  

Previous Exp. Results in 1999
@Los Alamos Meson Physics Facility

107 ppb

Kr Density/
Pressure

11 ppb

RF power 9.6 ppb

Muon stopping 13 ppb

Magnetic field

Statistics

56 ppb

δ(µ
µ
/µ

p
)LAMPF

∆ν
HFS

 = 4463 302 776(51) Hz : (  11 ppb)

µ
µ
/µ

p
  = 3.183 345 24(37)       : (120 ppb)

J-PARC high intensity beam

LAMPF statistics : 1013 muons
MUSE H-line : 1 x 108 muons / sec
Achieve LAMPF stat. in 28 hours

DAQ for 230 days : 2 x 1015 muons
200-times statistics

Systematic uncertainty
must be suppressed.

Instruments need to work
in high-rate condition.



  

Structure of Solenoid Magnet
GM cryocoolers

Current
leads

Support for cryocoolers

Vacuum vessel (300K)

Thermal Shield (40 – 60K)

He vessel (4.5K)

Superconducting
coils (Nb-Ti)

1936

2630

φ470
(warm
 bore)

He exhaust pipe

Re-condenser

MuHFS magnet property

Strength 1.7 T

Homogeneity < 1 ppm

Homogeneity
Area

z : 300 mm
r : 100 mm



  

Current status of Design and R&D

Main coil design is done.
Shim coil design is ongoing.
Trial winding is performed.

Cryogenic design (heat input,
cryocoolers, current leads)
is ongoing.

Mechanical design (He vessel,
vacuum vessel, coil suport)
 is ongoing.

Vibration of a cryostat is
evaluated.

Field monitoring system
is being developed.

Shim
Coil

Cryostat
with low
vibration

NMR field monitoring

Trial winding



  

Front Beam Profile Monitor (FBPM)

MA
PMT

Optical fiber

Thin Plastic Scintillator

MA
PMT

MA
PMT

MA
PMT

Purpuse
 - Monitor beam flux
 - Monitor beam profile

Challenge
 - Uniform thickness to
   obtain uniform muon
   beam range.
 - Thin scintillator for muon
   to be transparent.
 - Thin scintillator requires
   efficient light transmission.

(we have an option to use camera)



  

Prototype of FBPM

Thickness 0.2, 0.15, 0.1 mmt Readout test with rad. source

- Thickness : 0.20, 0.15, 0.10 mm.
- Width : 6 mm
- With/Without Al coating
- Direct fiber coupling / Light guide

No signal was observed with 137Cs, 106Ru, 90Sr.
However, light yield is >1000 times larger with muon beam.



  

Target Beam Profile Monitor (TBPM)

Kr gas chamber

RF cavity

Camera

FBPM

muon
beam

Measure 3-dimensional muon beam stopping distribution
with real condition. (gas mixture, beam parameter, magnetic field)

Periodical measurement. (not continuous measurement)

Design work is in progress.



  

RF cavity / Kr gas chamber

334 mm 238 mm

ν
12

 = 1.906 GHz

ν
34

 = 2.556 GHz

- Two frequencies can be provided with
  same RF cavity.
- Tuning bars realize frequency sweep
  to measure resonance curve.
- Prototype is developed and being tested.



  

Kr gas density dependence
LAMPF exp.

Try to measure

159.73 mm (LAMPF)

304 mm (J-PARC)

muon stopping
distribution at 0.3 atm

Longer cavity enable measurement
at near vacuum.



  

Positron Counter

Absorber : Al 2.5 cm
+ CH

2
 9.8 cm (LAMPF)

Counter Absorber Penetration Rate

High Energy

Forward Decay

Detector can be located far
from the cavity.
 - Effect to B-field is small.
 - Positrons are confined due to
   magnetic field
 - Positron injection is more
   normal to detector surface.

Only positrons with high energy
and with forward decay survive.
Such positrons are sensitive to
the parent muon spin direction.



  

Event Rate
(Difficulty in detector design)

Beam Intensity : 1 x 108 muons / sec
                      → 1 x 108 / 25 Hz ~ 4 x 106 muons / pulse

Detector Acceptance (z = 700 mm)
  5 x 10-5 e+ / muon / cm2 (@ detector location of 700 mm)
   → 200 e+ / pulse / cm2 (90 MHz / cm2 ) : all positrons
   →     3 e+ / usec / cm2 (3 MHz / cm2 ) : from Old Muonium
            900 segments / layer ( 1 segment = 1 cm2 )

0.5 x 10-4 counts
Old Muonium

700 mm

Detector RegionSharper resonance curve



  

Detector Option
1. Start with Scintillator + MPPC detector at initial low intensity period
    + Old Muonium Method. (late 2014)

2. Install Silicon Strip Detector for g-2 when it's ready.
    Accumulate full statistics at maximum beam intensity.
    This can be demonstration before mass production for g-2.

V

TDC
MPPC

Scintillator

Upgrade



  

LAMPF → JPARC MUSE
Improve Precision

107 ppb

Kr Density/
Pressure

11 ppb

RF power 9.6 ppb

Muon stopping 13 ppb

Magnetic field

Statistics

56 ppb

δ(µ
µ
/µ

p
)LAMPF exp.

High intensity beam at J-PARC

Large area homogeneity (<1ppm)
 + Stability

Beam Profile Monitor +
Segmented Positron Detector

Measurement with lower pressure
with Long RF cavity

Coaxial Pipe for RF input



  

Summary

Experiment for Muonium Hyper Fine Structure measurement
at J-PARC is planned.
 - Precision test of bound-state QED
 - Input of magnetic moment ratio to J-PARC g-2 experiment
Expected statistics is 200 times larger than previous experiment
at LAMPF.

Development is underway to start experiment in 2014.
 - Beam Profile Monitor : Prototype is developed and being tested.
 - Magnet : Design work and R&D is ongoing.
 - RF cavity : Prototype is developed and tested.
 - Gas chamber : Design work is ongoing.
 - Positron counter : GEANT simulation is ongoing.



  

Backup



  

R&D plane (Magnet, BPM)



  

R&D plan (Cavity, Detector)



  

Case of Hydrogen and Postronium

Hydrogen Atom
   Experiment : 1420. 405 751 766 7(9) MHz   [ 0.6 ppt ]
   Theory        : 1420. 403 1(8)               MHz   [ 560 ppb ]
    3.3 σ : Large uncertainty of proton structure

Positronium
   Experiment : 203 389. 10(74) MHz   [ 3.6 ppm ]
   Theory        : 203 391. 7(6)     MHz   [ 2.9 ppm ]
    2.7 σ : New physics?

Muonium
   Experiment : 4463. 302 765(53)   MHz   [ 12 ppb ]
   Theory        : 4463. 302 880(550) MHz   [ 120 ppb ]
    0.2 σ : Theory uncertainty is from m

e
 / m

µ



  



  



  

光量の位置依存性の問題
y

読み出し

Energy deposit = 0.019 MeV
                          → 190 photons

by 田島さん



  

ビームプロファイルモニター (BPM)

TBPM (Target BPM)
 - ３次元情報
  （可動型カウンター）
 - データ取得の間に
   定期的に計測

磁場

RF キャビティ

FBPM プロトタイプを制作中
 - 低速ミュオンビームを
    止めない → 薄い
 - 光量は十分か？
 - ビームタイムに向けて準備中

MA
PMT

MA
PMT

Optical fiber

Plastic Scintillator 0.15 mmt

FBPM

FBPM (Front BPM)
 - ２次元情報
 - データ取得中も
   常時測定



  

FBPM (Front BPM) : Type2

Gas inlet+
Vacuum control

< 10-4 Pa < 10-4 Pa

to RF Cavity

Muon
Beam

10-1 ～ 100 Pa

IIT+Relay lens+Camera

Optical
Window

Vacuum
Window

Luminescence

スクリーン
 - シンチレーター : 均一性
 - ガス                 : 十分な光量 ( ガス圧を上げる。 N2 or N2/Ar)

by 豊田さん



  



  

Kr Gas Purity



  

RF キャビティのプロトタイプ製作
Tuning bar
for TM210

Tuning bar
for TM110

TM110 for ν
12

TM210

TM210 for ν
34

性能評価中
 - 共鳴周波数
 - Tuning bar

田中さんの修論



  

RF キャビティ長の最適化

L = 300 mm

L = 304 mm

contamination

separated
by 田中さん



  

Tuning Bar

by 田中さん



  

Kr ガス圧（密度）による依存性

ν(P) = ν(0)*(1+aP+bP2)

 - ３点以上を測定
 - より長い RF キャビティ
     (16 cm → 30 cm)

キーポイント

 - 圧力をモニター
 - 温度コントロール（密度変化）
 - 水素などの混入

先行実験の系統誤差の一つ
LAMPF exp.

新たに測定



  

Positron Momentum
and Injection Angle

Detector thickness
 - Thick → Penetrate multiple
                 segment
 - Thin → Small light yield.

Better at farther location.

e+

z=340 mm

z=700 mm

Multiple Coulomb scattering
cannot be ignored for a few
MeV/c positrons.
 → Absorber location need to
      be optimized too.

MIP



  

Precision and Sys. Error Estimation

Theory

MC

RF:off

RF:on

Statistical Fluctuation

(+ possible sys. error)

Re-calcuate Sensitivity

S=
Non−Noff
Noff

Event rate is estimated by GEANT

Statistics : 1 day (for one ν meas.)
χ2/NDF = 37 / 44
∆ν = 25.5 Hz  (~40 Hz at LAMPF final)

Matching of data and theory certificates validity of experiment



  

Fluctuation of Beam Intensity
(Frequency >> 25 Hz)

Fluctuation of Efficiency induces same effect.

5% fluctuation

No fluctuation

- (Random) Fluctuation can be evaluated from data.
- Increasing statistics, fluctuation is being suppressed.
- Monitoring and correction can suppress degradation.



  

Fluctuation of B-Field
(Frequency >> 25 Hz)

RF value fluctuation induces same effect.

- Smearing effect is induced.
- It would be impossible to correct data.
  → Fluctuation must be convoluted in theoretical function

100ppm
fluctuation

1ppm
fluctuation



  

Time-dependent RF Power
- Long period (<< 25Hz) fluctuation induces same effect
- RF/B-field-correlated fluctuation induces same effect

RF power shift :
1% / 10kHz This effect must be

monitored and
corrected.

Including precision of
correction, systematic
uncertainty can be
evaluated.



  

検出領域と測定感度（理論計算）
Sensitivity : S

Δ S
S=
Non−Noff
Noff

RF の ON/OFF
↓ 

ミュオンスピンのフリップ
（アシンメトリー）を検出

- エネルギー閾値      : 40 MeV
でも感度は保持

例えば
- 角度アクセプタンス : 45 度
    → 収量 : 5%

より現実的な Geant4
シミュレーションを構築中

ミュオン
静止系 θ

0

+ エネルギー閾値

45 度

40MeV

角度アクセプタンス θ
0

エ
ネ

ル
ギ

ー
閾

値
 

               前後方 + 高運動量
に敏感 統計量



  

崩壊陽電子検出器のデザイン
崩壊陽電子検出器

V

読み出し回路

TDC

MPPC

クリアファイバ

高イベントレート
 → シンチレーターアレイを
     採用予定

セグメント ： 
2x2 mm2 程度 (~10000ch)

信号： Amp → Discri → TDC
シンチレーターは複数レイヤーに
したい + 上流にも置きたい

読み出し : 
MPPC+ 多チャンネル読み出し回路

KEK 小嶋さんのグループ製作中の
読み出し回路の開発に参加

KALLIOPE ver.1.0

25aCL-8  村上さんの発表



  

先行実験からの改善点

先行実験（ LAMPF ） : 1013 muons

J-PARC MUSE H-line : 2 x 108 muons / sec
                                     → 1013 muons / 14 hours

先行実験と同等の統計量を 14 時間で達成

200日のデータ取得 : δ(µ
µ
/µ

p
) = 107 → 5.7 ppb

                                 δ(∆E
HFS

) = 10.9 → 0.58 ppb

最終的に統計誤差を 20倍近く改善

先行実験より系統誤差を抑える必要がある
高イベントレートに耐えられる測定装置の開発が必須

期待される統計精度



  

先行実験セットアップ



  

測定原理

Kr ガス

Mu

マイクロ波
ν

34

　崩壊 e+　
（多い）

50%

0%

50%

0%

ν
12

ν
34ν

HFS

ν
HFS

 = ν
12

 + ν
34

偏極 µ+

ビーム
(~30MeV)

ν
34
付近をスキャン

S=
Non−Noff
Noff



  

P∼
∫0

∞

sin2(bt )e−t / τ dt

∫0

∞

e−t / τ dt
- Spin flip probability :

   b is related to Rabi frequency, b ~ 1 x 105 rad/sec

- Corresponds to microwave magnetic field of few Gauss

オールド・ミュオニウム法

by D. Kawall



  

イベントレート
1. ビーム強度 : 2 x 108 muons / sec
                     → 2 x 108 / 25 Hz ~ 8 x 106 muons / pulse

2. 検出領域 : ~5% (> 40MeV/c, 極角 45°)

3. 最初の 10 nsec の間に検出領域に入ってくる崩壊陽電子
             ( 8x106 / 2.2 usec ) x 10 nsec x 5%
                ~ 1800 muons / acceptance / 10 nsec
                    (~ 180 GHz muons / acceptance)

4. 検出器を 10000 セグメントに分割
    ( 検出領域が 200 x 200 mm2 の場合、セグメント： 2 x 2 mm2)
              1800/10000 = 0.18 muons / segment / 10 nsec
                                    (18 MHz muons / segment)

高速応答＋多チャンネル＋細分化
→ シンチレーター＋ MPPC ＋多チャンネル読み出し回路
     の開発



  

11 12 1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6
test winding
Main/Shim coil
Cryostat
Magnet
RF cavity
RF chamber
Gas handling
RF test
Prototype
test  
Construction
Prototype
test
Construction

Total Install
Commissioning

2013

Magnet

RF
cavity/Gas
chamber

Positron
detector

Profile
monitor

2011 2012

開発スケジュール

2013年度の実験開始を目標



  

Goal

Our goalReduce uncertainty to half or more
δ(∆EHFS) 12 -> <6 ppb, δ(µµ/µp) 120 -> <60 ppb

δ(∆EHFS) 

10.9 ppbStatistics

4.4 
ppbKr Density/Pressure

1.0 ppb

RF power 0.96 ppb

Muon stopping

107 ppbStatistics

Magnetic field 56 ppb

Kr Density/Pressure 11 ppb

RF power 9.6 ppb

δ(µµ/µp)

Muon stopping 13 ppb

LAMPF exp.



  

MuHFS 測定による影響

a=g−2
2

=
R

λ−R
λ=

μμ

μp
, R= ω

ωp

δa= λR
(λ−R )

2 δ
(λ ωp)

λ ωp

g-2 MuHFS

相関項

磁場測定プローブを MuHFS 、 g-2 実験で共有することで
系統誤差を減らすことが可能
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