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3 GeV proton beam Silicon Tracker]
(333uA)

| rface muon beam
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Muonium Production
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From Muonium HFS measurement

66 cm diameter

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




Experimental Method

Control 4 states of p-spin + e-spin
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Experimental Setup

Positron Counter
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- Cavity and Positron Counter
.- 2200mm are located in B-field.

- Count decay positrons with
and without microwave.

- Positron Counter is located
upstream too.



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

Av, . = 4463 302 776(51) Hz : ( 11 ppb)
i/u =3.183 345 24(37)  : (120 ppb)

i p / J-PARC high intensity beam

_Statistics { (AW LAMPF statistics : 10" muons

B e ~ MUSE H-line : 1 x 10° muons / sec
Magnetic field 56 ppb Achieve LAMPF stat. in 28 hours
| DAQ for 230 days : 2 x 10" muons

Muon stopping |13 ppb 200-times statistics

Kr Density/ Systematic uncertainty

Pressure M oo must be suppressed.

Instruments need to work
RF power [l 9.6 ppb in high-rate condition.




Structure of Solenoid Magnet
GM cryocoolers

_ 9 Strength 1.7T
pepe e gy o2 S Homogeneity <1 ppm

"~ Homogeneity z:300 mm
Area r: T00 mm

rt for cryocoolers

Vacuum vessel (300K)

ST et N A hermal Shield (40 — 60K)
coilsy(Nb-Ti) |

e vessel (4.5K)




Current status of Design and R&D

Main coil design is done. | Cryostat
Shim coil design is ongoing. Shim with low -‘
Trial winding is performed. Coil vibration b

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

Mechanical design (He vessel,
vacuum vessel, coil suport)

IS ongoing. | o

NMR field monitoring
Vibration of a cryostat is L AR
evaluated.

Field monitoring system
IS being developed.




Front Beam Profile Monitor (FBPM)

Purpuse
Ontical i - Monitor beam flux
2'03 oer - Monitor beam profile
Challenge

- Uniform thickness to
obtain uniform muon
beam range.

- Thin scintillator for muon
to be transparent.

Thin Plastic Scintillator - Thin scintillator requires

efficient light transmission.

1l

(we have an option to use camera)



Prototype of FBPM

- 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 **’Cs, "“Ru, *°Sr.
However, light yield is >1000 times larger with muon beam.

Thickness 0.2, 0.15, 0.1 mmt | Readout tegt with rad. source




Target Beam Profile Monitor (TBPM)

FBPM

ﬁ
muon

beam

G I Camera

RF cavity

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

| Tunig bar

RF input

g v, = 1.906 GHz
== TM210

Cavity length | 57
| ’,-’: .II /

v, =2556 GHz " Input

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




Kr gas density dependence

muon stopping ~ LAMPF exp
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Positron Counter

n Absorber : Al 2.5 cm
+ CH2 9.8 cm (LAMPF)

Detector can be located far

from the cauvity.

- Effect to B-field is small.

- Positrons are confined due to
magnetic field

- Positron injection is more
normal to detector surface.

Absorber Penetration Rate

£ 0c|High Energy -y
0.3F —0.3
0.2F :
0.1 Forward Decay ,

% oz Ted oe os 1 1z a0

Decay angle (rad)

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 10° muons / sec
— 1 x10%/25 Hz ~ 4 x 10° muons / pulse

Detector Acceptance (z = 700 mm)
5x 10° e* / muon / cm? (@ detector location of 700 mm)
— 200 e* / pulse / cm? (90 MHz / cm? ) : all positrons
— 3e"/usec/cm? (3 MHz/cm?) : from Old Muonium
900 segments / layer ( 1 segment =1 cm?)

| Time Distribution| [ "7 ? |

6.92-7 37'15 | Normalized Yield / cm
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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.
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LAMPF — JPARC MUSE

Improve Precision

LAMPF exp. 5(H/Up)

Statistics

Magnetic field

Muon stopping

Kr Density/
Pressure

RF power

(0feJsJo — High intensity beam at J-PARC

Large area homogeneity (<1ppm)

56 ppb ——»

+ Stability
Beam Profile Monitor +
1 e .
. > PPb Segmented Positron Detector
B 1 oob —» Measurement with lower pressure
with Long RF cavity
Bl o6ppb — 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)

HFS magnet (K. Sasaki; 120612)

JFY2011 JEY2012 JFY2013 JEY2014
HE 4 5 6 7 8 9 # # # 12 3[4 5 6 7 8 9# # # 12 3145 67 8 9% &% # 12 314 5 6 7 8 9# # % 12

Magnret fizld design

Mecahnical design

R & D for main coil

Main coill construction
Shim coil design

Shim coil SC wire prep.

Shim coil construction
He wessel construction

He vessel assembly
HFS construction

HFS assebly

Beam Profile Monitor (A, Toyoda; 120612)
JEY2011 JEY2012 JFY2013 JFY2014

IEE 4 5 6 7 8 9 &% F# % 1 2 3|4 5 6 7 8 9# # # 1 2 3|45 6 7 8B 9# # # 1 2 3[4 5 6 7T 8 9 # # & 1 2
Conceptual design

Thin scntillator prep.

M.APM prep. e

prototype BPM1 assembly
Source Check

Beam Test

Image intensifyer prep.

Selection
Real EPM construction
Beam Test

TBM conseptual design

Ell'.l'l parts pre.
TPM assembly

|
Thin scnti plate prep.
prototype BFMZ assembly
Beam Test

Beam Test




R&D plan (Cavity, Detector)

Cavity and Chamber (K. Tanaka; 120612)

RE

JEY2011
4 5 6 78 0 # &% #

1

2

3

JFY2012
4 5 6 7 8 0 # # #

1

2

3

JFY2013
4 5 67 8 9 # # #

1

2

3

JFY2014
4 5 6 7 8 9 # # # 1

2

Cavity Designing

Cavity Manufacturing

Cavity test

Cavity improvement

IHF test

Chamber designing

Chamber manufacturing

Gas handling

Chamber testing

Detector Y. Fukao: 1206

12)

RE

JFY2011
4 5 6 78 9 # &% #

1

Simulation study

Sys. error evaluation

JEY2012

2 3|4 5 6 7 8 9 # & #

1

2

3

JFY2013
4 567 8 9% # #

1

2

3

JFY2014
4 5 6 7 8 0 # # # 1

2

Detector design

R&D for basic component

Prototype construction

Prototype test

Detector construction

— T T
Electronics construction

Detector test

Experiment




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 0 : Large uncertainty of proton structure

Positronium
Experiment : 203 389. 10(74) MHz [ 3.6 ppm |
Theory :203391.7(6) MHz [2.9 ppm]

2.7 0 : New physics?

Muonium
Experiment : 4463. 302 765(53) MHz [ 12 ppb ]
Theory : 4463. 302 880(550) MHz [ 120 ppb ]

0.2 o : Theory uncertainty is fromm_/ m,



Requirement for FBPM

» LAMPF result : Av=4463 302 765(53)Hz
Liu et al. PRLS82, 711 (1999)

» In their analysis, the uncertainty of the
measured center of the beam (~0.6cm) and of
the measured FWHM width (~2cm) contributes
to ~5 Hz of systematic error.

» This analysis assumes an ideal RF power
distribution. It may not be the case (= Mr.
Tanaka’s talk)

- FBPM to measure the center and the width of
the beam within 0.3cm accuracy or better (the
width of current scintillator ~ 0.6 cm).

- Rigorous testing of FBPM’s performance 1s
needed.



Requirement for the TBPM

» LAMPF result : Av=4463 302765(53)Hz

» In their analysis, the longitudinal uncertainty of the measured center of the
beam (~1.0cm) and of the measured FWHM width (+2—1cm) contributes
little to the systematic error.

the cavity 1s in TM 110 or TM210 mode

the change of the solid angle is suppressed because positrons travel along the
magnetic field lines.

» But again, the former statement might not be the case (= Mr. Tanaka’s
talk)

the knowledge of longitudinal distribution also becomes important.

> Requirement for the transverse resolution is same as the FBPM (<0.3cm),
the uniformity of the scintillator plates 1s important.

» “proof of principle” beam test planned for October (?)
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E—A70O7714JLE=49— (BPM)

FBPM (Front BPM) TBPM (Target BPM)
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FBPM (Front BPM) : Type2

Muon <10* Pa <10* Pa
Beam > Luminescence :’\>
A to RF Cavity
| — 7 —
/
/1 0"~ 100 Pa
Optical Vacuum Gas inlet+
Window Window ﬁ Vacuum control
lIT+Relay lens+Camera
by EHIA
AOV)—>
- OVFL—45—  H—k
- AR L TRRIEE (HAEZ LTS, N2 or N2/Ar)







Kr Gas Purity

LAMPF

Mylar window (3 mil)

Ht?l Fips
| = Dearader

--e—“'*

4 rmul
-~ Kaplun

-

Posit '
Cﬁ:;ﬁ_‘: CH, Absorber Alvminum
3 Hcom

Mylar window

water vapor entering through the
mylar window and break up of
water molecutre by the high tem-
perature furnace.

unable to bake

J-PARC
~ 0.1Tmm
D gas chamber
cavity
Alminium foil

hydrogen contamination may be di-
minished.

enable to bake.
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Tuning Bar

flange of Kr gas chamber
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Positron Momentum
and Injection Angle

| Positron Injection Angle at Detector |

700

100}

suuf
suuf
4003
3uuf

200

z=700 mm

\

Covv o by v b by oy by v by by Ly Y
00 10 20 30 40 50 60 70 80 20

degree

Detector thickness

- Thick — Penetrate multiple
segment
- Thin — Small light yield.

Better at farther location.

| Positron Momentum after Absober |

102 |-
C 1

10

B 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 |
0 10 20 30 40 50
MeV/c

Multiple Coulomb scattering

cannot be ignored for a few

MeV/c positrons.

— Absorber location need to
be optimized too.



Precision and Sys. Error Estimation

_Non_ Noff
- Noff
Event rate is estimated by GEANT

S

2025
>

=

7}
v 0.2

0.15

0.41F

| # of hits per muon pulse |

0.05

- RF:Off

==  RF:0n

pte Sensitivity

Statistics : 1 day (for one v meas.)
X°/NDF = 37 / 44
« AV =25.5Hz (~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.

¥2 [ ndf 108.1/44 ¥iindf P | 35.66/44
£ 300 >
8§ - £ ( Prob 2.557e-07 Prob 0.8108
C =
2 psol E p0 0.2501+ 0.0001536 p0 0.2499 + 0.0003049
- . 3
- NO ﬂUCtuat|On p1 2.249e+05 + 291.9 p1 2.25e+05 + 572.2
200
- ({ P2 0.2794 + 25.52 p2 P | 4.372+ 50.66
150l p3  7.504e-06+ 3.552¢-09 p3  7.503e-06+ 6.976e-09
C 0.1}
100 — o ) C
5% fluctuation 0.05-
50— r
s
ol b b L Lo H | I R Ly |x10°
0 200 400 600 800 1000 1200 1400 1600 1800 2000

100 0 00 200
Microwave Frequency (Hz)

|-200| 1 1

# of hits per muon pulse

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



0.25

Sensitivity

o
[X)

0.15

01

0.05

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

RF value fluctuation induces same effect.

_IIIIII|IIII|IIII|IIII

%2 I ndf 58.14 / 44 %2 I ndf 1.334e+04 / 44
- 2 0.24 Prob 0
u Prob 0.07491 3 -
- S 0.22
- 1 p p m pO 0.2497 + 0.0001527 § 0.2E 1 O O p p m po 0.2273 + 0.000178
~fluctuation o aamesazsz | osselUctuation p1 22236405 + 386.2
p2 .55.33 + 25.51 0.16 p2 -34.91+51.99

p3 7.259e-06 + 4.936e-09

p3 7.504e-06 + 3.561e-09
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- Smearing effect is induced.
- It would be impossible to correct data.
— Fluctuation must be convoluted in theoretical function



Time-dependent RF Power

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

** I ndf 4641 / 44
:-E 0_25:_ _ Prob 0
'E - ROF power shift : PO 0.2502+ 0.0001534 _
& o, 1% 1 10kHz o1 azmeross2023 | | NUS €ffect must be
- monitored and
_ p2 1643 + 25.52
0.15— corrected.
N p3 7.512e-06 + 3.571e-09
0.1 Including precision of
] correction, systematic
005 uncertainty can be
- evaluated.
0
s | _Ix10°

| | | | | | | | 1 | 1 | | | | | | | | | | | | |
-200 -100 0 100 200
Microwave Frequency (Hz)
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H17=E8 (LAMPF ) : 10" muons

J-PARC MUSE H-line : 2 x 10° muons / sec
— 10" muons / 14 hours
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Positron
Counter

CHEAbsorber
0.8 cm

Cavity

Krypton

[ |

I mil Cu 0.5 ml Cu

Aluminum

Beam
Counter

N
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0.72cm

BPM
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- Spin flip probability : P~

FA—ILR I aF =D LE
f: sin’(bt ) e """ dt

J'OO e—t/r dt

0

b is related to Rabi frequency, b ~ 1 x 10° rad/sec

- Corresponds to microwave magnetic field of few Gauss

Muon Survival and Spin Flip Probablilities |

>
51
8 = Muon Survival Probability
o [
o -
1 SpinFlip x Survival Probability
10
n by D. Kawall
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ARV NL—]

1. E—LRE :2x 10% muons / sec
— 2 x 108/ 25 Hz ~ 8 x 10° muons / pulse

2. MHH4EHE : ~5% (> 40MeV/c, 1BfY 45°)

3. ¥ID 10 nsec DEIHRHERIZICA> TS EREMES
(8x10° /2.2 usec ) x 10 nsec x 5%
~ 1800 muons / acceptance / 10 nsec
(~ 180 GHz muons / acceptance)

4. 252 10000 27 XV MIDE!
(R R 200 x 200 mm? DIFE. BT AV 2 x 2 mm?)
1800/10000 = 0.18 muons / segment / 10 nsec
(18 MHz muons / segment)

ESRERLE+ZTFvyoRILHD1E
- UVUFL—4H—+ MPPC +%F+v > xJLinHH LOE
D F




Fﬁ: 117_91—11/

2011 2012 2013
11 12 1 2 3 4 5 6 7 8 9 10 11 121 1 2 3 4 5 6
test winding
Magnet Main/ Shim caoil
Cryostat
Magnet
RE RF cavity
) RF chamber
cavity/Gas Gas hand
chamber as handing
RF test
Positron JI:er;):otype
detector Construction
Profile frototype
monitor est :
Total Install
Commissioning

2013 FEDRBRARZEHRE



Goal

“S(AEHFS) 12 ->-»6 ppb, 3(up/pp) 120=> <60 ppb

LAMPF exp. || §(AEHFS) O(MpL/pp)

Statistics | [LOESAeIe]e Statistics | EASFAlele

Magnetic field

Kr Density/Pressure

Muon stoppingil '° PP
1.0 ppb

Muon stopping Kr Density/Pressiilie " P

0.96 ppb



MuHFS Al EIC LB RE
a:gézzxie M R=d;

BIBAIE 70— 7% MUHFS . g-2 RRTHATHIET
RRREANST N ThE

AR (hw,)
da= d =
(k—R)Z me
g-2 MuHFS
' - o o S EE O . S O S O S S O S e .y
A(Awp)
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