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Goal of MuSEUM collaboration %mjl

» High precision measurement of muonium hyperfine structure
(MuHFS) in Zero field & High field
« Stringent test of bound state QED by comparing to the theoretical

calculation
Avyps (theo) = 4 463 302 868(271)Hz (61ppb)
(from CODATA 2014)
4463 MHz
Avyrs(exp) = 4 463 302 765(53)Hz (12ppb) ﬁ
W. Liu et al., Phys. Rev. Lett. 82, 711 (1999). C

* Relative uncertainty of 1.7 T measurement at LAMPF
MuHFS : 12ppb, p./ pe and m,/ me:120ppb

W. Liu et al., Phys. Rev. Lett. 82, 711 (1999).

 MuSEUM's goal : improve the precision by a factor of 10



MuHFS measurement in ZF & HF

e Hamiltonian of Muonium 1.7 T Measurement

H:af-j+gjﬂ%f-ﬁ—g:Lu%f-ﬁ

 Splits to substructure (Zeeman effect)

Direct MuHFS
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* In the limit of a strong magnetic field (x>>1, x ~ 10.7 with 1.7 T)
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Related physics - muon g-2 i

@SEUM
° }Jp/}.lp : essential parameter for muon 9-2 experiment
— 2 R
aM:g“ — ()\:&j{:&)
2 A—R Uy Wp
MuHFS experiment g-2 storage ring
A 120ppb R : 540ppb

W. Liu et al., Phys. Rev. Lett. 82, 711 (1999). G.W. Bennett et al., Phys. Rev. D 73 072003 (2006).

» ~2.90 discrepancy between theory and experiment
a,(exp) — a,(th) = 250(89) x 1071 coomm o

* Measurement planned at J-PARC and Fermi lab



High field MuHFS measurement

beam profile
monitor 17T magnet
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e
pulsed
muon beam

positron
detector

RF cavity resonant to vq2 with TM110 mode & v34 with TM210 mode



Road map of MuSEUM experiment

» Zero field measurement @MLF D2-line - ongoing
e 2016 Jun. 3 Beam profile measurement

e 2016 Jun. 12-14 (60h) - 1st measurement

e 2017 Feb. 1-4 (96h) - 2nd measurement

e 2017 Jun. - 3rd measurement with TM220 cavity

» High field measurement @MLF H-line
* First measurement planned from 2018 Autumn
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Uncertainties of LAMPF experiment m@

Statistics

B field

Kr GGas Pressure 11

Muon stopping 13

1.0

0.96

RF power 9.6

- i orb) L i i - oob) i

W. Liu et al., Phys. Rev. Lett. 82, 711 (1999).

e Mainly limited by statistics - installation of H-Line @ J-PARC MLF
« Systematic uncertainty caused by B-field should be improved



High statistics by using pulsed muon beam

LAMPF experiment chopped
» DC beam @ LAMPF DC muon
- 10" muons/sec on average

* Beam chopped - lose efficiency
 Beam time : 6 weeks Time
- Total : ~10"° muons

MuSEUM experiment

e Pulsed beam @ J-PARC MLF 40ms

 planned 10° muons/sec by MLF ) " oulsed muon
H-line (1MW)

e All muon can be used

. Total : ~2x 10" (~1 00days) — Time

- Statistics by a factor of 10 100 ns
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B-field of LAMPF experiment

 B-field evaluated with

1. Magnet spec:Tppmin 10 cm
diameter sphere volume

2. B-field mapping : 0.7ppm
peak-to-peak homogeneity
inr=3.5cm, z=12 cm
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Cyl i n d ri Ca I S u rfa Ce Magnetic field map over r=3.5 cm cylindrical surface. z=0 cm

corresponds to the cavity center.(taken from W. Liu’s PhD thesis)

* Systematic uncertainty in B-field is mainly caused by
o Inhomogeneity of B-field -> magnet spec & shimming
~ Calibration of NMR probes -> high precision probes
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Required B-field at MuSEUM

Superconducting magnet (1.7 T)

200 mm Muonium formation

* Required ~1ppm homogeneity of 1.7 Tin z=30 cm,
r=10cm spheroid muonium formation area
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B-field improvement - magnet

* Solenoid superconducting magnet for MuSEUM
oMaximum 2.9T, usedin 1.7 T
© Required homogeneity <1ppm
o Required stability <0.1ppm/h

Superconducting magnet

* Long term stability test (2015/3/30 - 2015/4/9)
o 64Hz drift per 9 days = 3ppb/h stability
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B-field improvement - shimming

* Shimming by placing iron plates (5 & 25um thickness) in
24 pockets* 24 trays = 576 pockets inside the magnet

* Optimized homogeneity to 0.80ppm of 1.7 T in target
area

Thin and thick iron plates for shimming
(W40 mm, D 30 mm, t5 or 25um)
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B-field improvement - result of shimming
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(taken from Y. Higashi’s master thesis)

0.8ppm homogeneity in 300 mm * 200 mm spheroid
(576 points measured by single NMR probe)
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NMR probes for MuSEUM experiment

fixed NMR probes [ RREGG——.

Muonium formation area '

Field mapping probe
for surface measurement .

o Stability - Online monitor by fixed NMR probes
 Homogeneity - Absolute B-field measurement by field mapping probe
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Concept of field mapping probe

* Concept: Want to suppress the effect of B-field drift at measurement

* Driftin LAMPF experiment
-long term drift ~ 10ppb/h
-short term drift ~ 100ppb/h
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* Fast field mapping enables the B-field measurement with low drift
e Design : 24ch NMR probes on half-oval plate to scan the surface

W’.. | ” Q..‘ .‘./../

..000-00.17 NMR probes

Prototype of field mapping probe
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Timeline of development

. Single channel NMR probe - in progress
- Deicide the absolute B-field with high precision

- The effect by the circuit element itself is crucial

2. Fixed probe, Field mapping probe design
3. Test with our superconducting magnet

4. Installation to the HF experiment
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Test of the standard probe I@@I

* Performance of standard CW-NMR probe was tested
with 1.45 T magnet @Argonne national laboratory,

USA

el N )
/] G A"y ‘

= e i |
. f

\’-

\ﬁ:'-

—

22



Test of the standard probe i

SEUM

» B-field shift effect caused by the NMR probe material
itself is tested

circulit board

RF coill

glass tube

Clrcult case
(GFRP) . Al & Tef pipe
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Results of the material test

Shift (ppb)  Shift (Hz)

All materials +70.6 + 2.5 | +4.36 = 0.15

Circuit boad +96.4 + 0.4 | +5.95 + 0.02

(Calculated by S. Seo)

~ T
circuit board
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Development status - circuit element test

* Each circuit element was tested by placing in the 0.34 T permanent
magnet and measuring the B-field shift (1 uT resolution)

circuit
element
N S
NMR probe to NMR field meter ' : .
o NI\/I fleld meter

: 2 ] ‘ . -
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- a W - b .
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shift / 0.34 T
(Ppm)

material shift (uT)

circuit -79 ~ -124 -231 ~ -365
silicon J-FET
-13 -38
(2SK19)
-37 -108
(A1504)
operational amplifier
(LMC662) -3 -8.7
with socket
commerc:al_ ceramic 45 137
capacitor
Voltronics NMAP40HV
. . <1 <3
Trimmer capacitor

Can know which element should be excluded!
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Development status - final circuit design

* Suggestions
1. select non-magnetic element
- Reliability will be tested with our magnet

non magnetic trimmer capacitor
(Voltronics NMAP40HV)

2.bcm

2. put the element away
- stray capacitance shifts the resonance frequency

cable length

1
2Ty = TO L% = J_f>_>

* Final design should be considered by the less
magnetized material and circuit characteristics
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Summary i

@SEUM

High field MuHFS measurement is a good probe to test the
bound state QED and also y,/u, andm,/ m.can be
measured with high precision.

For the high precision measurement, more statistics and the
improvement of systematic uncertainty based on magnetic
field are required.

The spec magnet fulfills the requirement of the MuSEUM
experiment.

~or MuSEUM experiment, field mapping probe and fixed
orobes are planned to use. To develop high precision NMR
orobes, we found out which element should (not) be used.
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