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Birth of muon
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“There is nothing new to be discovered in physics
now. All that remains is more and more precise

measurement.” — Kelvin, 1900
Standard Model of Elementary Particles

three generations of matter interactions / force carriers

“Physics as we know it will be over in six | (ermiens) ; (bosons)
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Qe

Muon

1956: Lee & Yang postulate
P-violation in weak interactions

1957: WU confirms P-violation in 8 decay;

Friedman & Telegdl confirm P-violation in 7-u-e decay;

so do Garwin, Lederman & Weinrich,

using a prototype uSR technique.
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Standard Model of Elementary Particles

three generations of matter inter actions / force carriers
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Top of the atmosphere
P P P Proton collides with an

/ atmosphere molecule.
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Cosmic-ray particles reveal secret chamber in T e
Egypt's Great Pyramid

Researchers have used muon detectors to discover a mysterious, 30-metre-long space —
which could help to reveal how the 4,500-year-old monument was built.
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Muon

p ' (ud) Vv,
S=0(r,=
26ns)

Two-body decay P muon has always the energy 4.1 MeV in the
reference frame of the pion (assuming m, = 0)

Spin pion=0 P Muon has a spin 1/2 and is 100% polarized
(as only left-handed neutrinos are produced)
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» Particle physics

CW 40Hz Cw ¢ MUSR platform
» Pulsed
« CW
25Hz
X
Fermilab
T —  COMET/g-2...

Mu2e/g-2...
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PSI (SuS Swiss Muon Source)

Continuous Beam
590 MeV, 2mA
1.2 MW, 30% to muon
Two graphite targets
7 Beamlines
4 uSR
« 2 particle physics
e 1 test instrument




J-PARC

25 Hz Pulsed Beam
3GeV proton beam
1 MW, 5% to muon
5 Beamlines

« 3 uSR

1 particle physics

« 1 test instrument

|

E ‘ i O
MLF Experimental Hall No.1
N W 5 ~ (East Wing)
s4 H-Line,
H v "2 High Momentum
S-Line, 52 Muon Beam Line

Surface Muon Beam Line

H1
S3

S-Septum

S-Kicker

S-Separator  1£

Muon target

: /MIC H-Solenoid Magnet
N M2 tunnel

M1 tunnel
3GeV Proton
- =——>Neutron Source
Beam from RCS MIC U-Solenoid Magnet— £
. M1,M2 air circulation systems
(BNBT Lme) Superconducting I
Curved Transport .
Solenoid Magnet | | Superconducting
= Decay Solenoid Magnet
1
DlSeparator
D-Line,
U-Line, Decay/Surface
Ultra Slow Muon Beam Line

Muon Beam !.ine




ISIS RIKEN-RAL Muon Facility (RpuF)

Owned and Operated by RIKEN
40 Hz 800 MeV proton
140 kW, 4% to muon

Target Station 1

« Graphite target Vesuvio o Maps
» Muon lonization Cooling et sxD/' |
Experiment (MICE) Ok ol
- 2 beamlines Y S8 b
+ 7 instruments TAOON cosp
- 5uSR b\ 100
. 2 test |\ potari

: % 5%
INES @ Osiris
@ >
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DC/puIsed

MuLan 1E7/s 30MeV/c 100%
TWIST 2500/s DC 30MeV/c 100%
ePolar 1E7/s DC 30MeV/c 100%
MuZ2e+ mu-, 1E7/s DC 100MeV/c 0)
MEG 1E8/s DC 30MeV/c 100%
Mu3e 1E8/s, 1E10/s DC 30MeV/c 100%
Mu2e mu-, 1E10/s Pulsed 75MeV/c 0
g-2 1E4/s Pulsed 300MeV/c or 50% or
3GeV/c 100%
Mu - antiMu 1E7/s DC 30MeV/c 0
Mu 1s-2s 3000/s Pulsed/DC 30MeV/c 0

Mu hyperfine 1E8/s DC 30MeV/c 0



China Spallation Neutron Source
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China Spallation Neutron Source (CSNS)

S EGRAR

Accelerator: 100kW 25Hz 1.6GeV proton beam

Neutron Spectrometers: 7 built and 3 under construction
19



CSNS Il Project

300MeV SC Linac _/:

9 more neutron
spectrometers

500 kW ] &
Target gi¥gmyss—

High Energy Proton
Application Area

muon beam
line
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Architectural Design of MELODY
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MELODY Design
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« Protons: 1.6GeV, 1 Hz (up to 5Hz), 130ns double pulses
« Muon beamlines: one surface muon and one decay muon beam
« Spectrometers: 1 u4SR spectrometer and more...



Muon Target Station

Shielding: Iron 5m*4m*4m
Concrete 5.5*5.5m*1m

Beam absorber: Copper



Muon Target Optimization

proton

« Use Copper/Graphite as target
« Optimize the surface muon
production with rotation of 11°
* Optimum: 240*240*11 mm for Cu
240*240*14 mm for C

Semi-interaction Rotated 10 deg.
&

,/0'
\»/

Benefits from
from the tails

shape

~
~

>

(muon rates) (muon rates)

H=12cm

Schematics
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=
I

60

W (for 12 cm inter?ction) =2.08 cm




Maintenance

Target flask Beam dump

* Remote maintain from the top
» Target/magnets/absorber/flange
« Water cooling system

First solenoid

25



Surface Muon Beam
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 Polarization: >95%  Time Resolution: 120ns
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Surface Muon application

A P(t) ~ Muon Spin Polarization

Principle of MUuSR

“+

Muon i
counter Positron Sam6|e Bioc

(startsignal) counter

0.2

0.1

0.0
-0.1
-0.2
-0.3

(stop signal)

Positron
counter

(stop signal) MuSR: Magnetic material,
superconductivity, battery, semiconductor

Advantage: high magnetic sensitivity,
short range magnetic order, all element

],L S R spectra

LT
“ m m

Time (microsec)

contains the physics:
frequency: o = YuBma value of field at muon site

damping: width of field distribution, fluctuations

amplitude: magnetic/non-magnetic volume fraction, or Mu fraction

= [F(1) = B@]/ [F() + B(1)]

Zf



Surface Muon Beamline Design

Saﬂ\p\e
P MS2
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« Use all solenoids for focusing
. « Optics design
Solenoids ‘ Transport
« Simulation:
[ A *
, |

G4beamline with 10 POT
e Fringe field shielding:
L]

« Reduce the fringe field at
= sample position
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Optimization by A.l.

nGeneration VS Q / average Q / sigma Q

» Maximize the number of muons inthe ™
®=30mm sample area roo0 -
« Set the strength and positions of the 6 o0~ e
solenoids as tune parameters ool T T veragea
L sigmaQ
- Start from a set of random parameters P B P NumC
oL
250 generation
£ Ap/p=7.6% (FWHM) Parameters G4bl simulation
S 20 x (FWHM) 1.64 cm
< y (FWHM) 1.84 cm
<o
5 Ap/p (FWHM) ~7.6%
EL 100 u+ rate 18.2x10° ut/s
o}
5 +
2 5ol wrrateon ¢30 o0 108 s
g mm
pd
0 o R R S — Core ratio 91.24%
25 26 27 28 29 30 31 32 . .
Moun momentum (MeV/c) Polarization ~95%

e+/}l+ <0.01 29




Technique design of the magnets

D|p0|e KiCker

Mechanical design of the magnets
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Beam measurement

Scint1  Scint2

. D, A
.::.: .: ;; | = . 3 3
%o. :2' ® . ' .o ¢
*%ee — o
oo.'.oo M+ ; .\ oo o

® u+ e+
. -
| — Waveform-Sampling

Electronics
Beam intensity
measurment _
« Measure muon beam intensity by double

scintillators
» Distinguish positron content

Current (pC/ns)

0 200 400 600 800 1000
Time (ns)

 Measure beam spot size with a MicroMegas
detector

e+ ionized signal

¥ u+ Decay signal

Current (pC/ns)

« Challenge: high intensity in one pulse _
» Need more online tests N



MSR Spectrometer

Feature: High single-pulse
intensity

Detector unit: ~ 3000
detectors (scintillator+SiPM)
pointed to sample
Electronics: ASIC based
FEE + multi-stop TDC
Fly-pass structure

32



Sample Environment

« Magnetic field :
« LF:5000G, TF:400G
 Homogeneity < 100ppm @ 40*40*10mm sample area

 Low temperature :
« CCR: 10K ~ 600K (Start-up)

 Cryostat: 2 K ~ 300K (Future)
« Upgrade to 300mK (Future)

BL[gauss]

5. 8210e+8EA3
5.@8198e+0@A3
5. 8186e+0@3
5, 8175e+0@A3

88888888888

8888888888

. +
5. 0851e+0E@3

. £+
5, B84 Ge+REA5




Simulation

« |nvestigated the boundary
conditions:

« Use thick degrader to increase
the Asymmetry

« Simulated results:
« Counting rate: 80 Mevents/h

« Asymmetry: 0.31

Rate

s 6 7 s
degrader (mm)

P B S
9 10 11

degrader (mm)

1
8
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Pros and cons

High single pulse intensity :
« Weak relaxing signal detection

« Small beam spot
« Beam slice to 10ns

High asymmetry

* High precision

Low repetition rate :

* Low counting rate
» More detectors

Large pulse width :
* Low time resolution
» Beam slicing
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Test Beam Port
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Muon moderation technology

Gas cell

I
) 30 mm —

Muon beam | 100 mbar He gas

A

B-field

* Use helium gas to stop muons

« Use electric field to steer muon out
of the gas cell

* Bring 0.1% muons to 300 eV

u* beam: 28 MeV/c, %” = 8% (FHWM),

106 #+
Beam spot size: ¢10 mm

Energy degrader: 0.78 mm-thick
carbon foil

He gas: 100 mbar, 293 K
Gas cell: $30 mm, length 800 mm

Electric field: ~ 0.11 kV/mm; HV
applied at the center of the gas cell,

i.e., decelerating (accelerating) E-field

for the first (second) half

Magnetic field: 5 T

Key: use ESD material to remove the charge and to avoid

breakdown in helium gas
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Muon moderation technology

Events

14

12

Simulation

r [mm]

u* stopped in He gas

No E—field - el b
R .'_J_-- .'.'-'."'E_":.+.':r.':--.' T
o P o R e A o Iy Ry =l B Y
b0 200300 400 500 G00 700 800
120 With E-field

100

r [mm]

80

60

40

Stopped u* “pusied”
away from the center
of the target by H-field

20

PRI RTINS RN A
00 100 200

1 1 1 1 | [l 1 1 1 I 1 L 1 1 | 1 1 1 1
00 500 600 700 800
z [mm]

TR B
300 4

Going to be tested at ISIS...
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Muon moderation technology

Frictional cooling demonstration experiment with proton

NS

FCD Experiment

Gas cell

Proton source:
Am-241 + Mylar foil

— 1.972 kV/cm
— 1.643 kV/cm
1.314 kV/cm

Mean energy [keV]
S
o

G4bl simulation 20
He gas: 1 mbar, 293 K 1s
Proton initial energy: 1 eV 5
Proton initial z ~ -600 mm 8

I]I||||I|||II|I||I|I||I|I|II|I|II|I|1I|I]]”

o IIII|IIIilllII|IIII|II|I|IIII|IIII|IIII||III|IIII

P IR R TSR R R
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Muon de/acceleration/cooling

Proton Driver Front End :Cooling Acceleration Collider Ring
- } G —)
o o -8 = 5|» 8
2 3 |2rEfEe(0)r P
2 g Cfuol € 5|8 8 3 5 ©
w50 2 (0 0 6 £ % o o]
=] £ no o @ o gl—= wnv g 2SO () —
- o Lo »n .8 = @ = - 4 -
g O |o=8 S|E 2 2s o © uroop
TO @ £|E 5§ © o © E Accelerators:
§ a & e Linac, RLA or FFAG, RCS

* Develop technologies for Muon Collider/Neutrino factory
* Muon cooling 4
« Phase rotation
« Muon acceleration

: = . Magnetic mirror for muonium physics
Induction cavity for phase rotation 40




Timeline of MELODY

Project has been approved and will be built in

oyears.
Civil Construction _
wuon searnine - | NN = Pvsics Desion
® Technique
rarget staton NN  oc.ciopment
: m [nstallation
| ® Trail Run

2024.1 2025.1 2026.1 2027.1 2028.1 2029.1
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First Geosurvey

First Geosurvey has been carried out at the muon hall
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Prospect W|th MELODY Ii
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* Pion/Decay muon beam : 120MeV/c + More terminals :
« Negative muon beam: 30MeV/c * Various spectrometers

. _ o _ « Muon imaging
Higher repetition rate: up to 5 Hz . Muonic X-ray
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* Negative muon beam:

e Momentum: 30MeV/c

« More terminals :

* Various spectrometers
* Muon imaging
* Muonic X-ray
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Muon Induced X-ray Emission

negative muon nucleus(2)

\ Advantage of MIXE:

p~ capture in the atom (Muonic atom)

all elements

/7
electron g

)  Un-destructive analysis for
,——-—'/ y

 Sensitive to C, N, O, which

J other methods
Characteristic
muonic X-ray 1

-~

_ T —
u~ induce the X-ray to the ground state O are not easy to detector in

nucleus (Z-1)£y
. ; - £ o075
u~ decays or captured by the nuclei, and , \ 3
emits an gamma ray \ . & os
) 3
E 0.25 | !
v = —electronic X-ray
= muonic X-ray
0
0.0001 0.001 0.01 0.1 1 10
Thickness (mm)
Fluorescence of Li, C, Cu and Muonic X-ray Ka X ray absorption efficiency in Cu

Prompt Gamma Neutron Activation Analysis
JGE  Fluorescence Ka [keV] Muonic Ka [keV]

Element Molar mass A Peak energy (keV) Detectorrela- Partial gamma emission
tive efficiency cross section (X 107*cm)

Li 0.052 18.7
C 12.0107 4945 0.2674 0.00261 5225E-03
C 03 75 H 1.00794 2223 0.5785 0.3326 J16 E+0
’ I N I 14.0067 10,828 0.0772 0.0113 5.603 E—03

Cl 35.453 786.3 1.1402 342
Cu 8 1500 cl 35.453 788.4 1.1383 5.42




MIXE Applications

X Weld between low C iron and high C steel

28.02.2023

PSI MIXE on car bearing

Asteroid or Moon samples
«  Organic elements analysis (C. N. O)
* Key method for
Archaeology
«  Ancient Rome coin (ISIS)
«  Ancient Chinese Mirror (JPARC)
Batteries
«  Li-ion battery (JPARC)
Carbon in car bearings
*  Welding of car bearing (PSI)

Y e

C ;ontent
inweld?

of carbon of carbon
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HOME > SCIENCE > VOL.379,NO. 6634 > FORMATION AND EVOLUTION OF CARBONACEOUS ASTEROID RYUGU: DIRECT EVIDENCE...

&  RESEARCH ARTICLE = COSMOCHEMISTRY

Formation and evolution of carbonaceous asteroid
Ryugu: Direct evidence from returned samples

T NAKAMURA M. MATSUMOTO (B, K. AMANO (®, Y. ENOKIDO (&, M. E. ZOLENSKY (&, T. MIKOUCHI {#, H. GENDA (&), S. TANAKA

M. Y. ZOLOTOV, [..], AND Y. TSUDA +211 authors  Authors Info & Affiliations

SCIENCE - 22 Sep 2022 - Vol 379, Issue 6634 - DOL: 10.1126/science.abn8671
RESULTS

‘We found carbon dioxide (CO,)-bearing water in an iron-nickel (Fe-Ni) sulfide
crystal, indicating that the parent body formed in the outer Solar System.
Remanent magnetization was detected, implying that the solar nebula might still

have been present when magnetite crystals formed on the parent body.

‘We used muon analysis to determine the abundances of light elements, including
carbon (C), nitrogen (N), sodium (Na), and magnesium (Mg), whose abundances
relative to silicon (Si) are similar to those in CI chondrites, whereas oxygen (O) is
deficient compared with that in CI chondrites. X-ray computed tomography analy-
sis shows that all our Ryugu samples consist of fine-grained material. There are

only rare objects of high-temperature origin, such as melted silicate-rich particles,
all being smaller than 100 v m.

ISIS MIXE on ancient ROME coin

Events / 20 keV
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Beam
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Decay Muon Applications
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Samples
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Muon Beam Parameters

Proton Power (kW)
Pulse width (ns)
Muon intensity (/s)

Polarization (%)

Positron (%)

Repetition (Hz)

Terminals

Muon Momentum
(MeV/c)

Full Beam Spot
(mm)

130to 10
10°~ 1068
>95
<1%

1

2

30

10 ~ 30

Up to 100
500

Up to 5*10°
>95

NA
Upto 5

1~2
30

10 ~ 30

Up to 100
130 to 10
Up to 5*10°
50~95
<1%
Up to 5

2
10 to 120

10~30
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High rEpetition Muon Source (HEMS)

BB EELNEADTL ; - y
ey ey e Sooi st , P 5" s - S -
e AL 7R LR F AL
R e ARy N HLERIER
S0 &R ey, = R
11%50’?]4 E . .~

PRAEIRE 5 i 8
1.6GeV. 25Hz = :

N
N

o,
B’ )

]
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BB IMuMuBar

MuMuBariE& 7 5

100
10
1

0.1

0.01 PSI,1999

Gum/Gr

0.001

CSNS,2029
0.0001

0.00001
1982 1987 1992 1997 2002 2007 2012 2017 2022 2027

« BOE—RIFFEZ20FRHIEPSIFE,
o BITPRNSPEARFERIOHZEN - FLRBERSHITHEN
- BHEIEMR DRBEERITRIMHERSERN - REAZEE ZUY LI 0FI1 %MK,

f



MuMuBar @ HEMS

MCPHItZ+InitX {"MCPHit==1) )
MU decay Hit position htemp
position onMCP “E :::s oo:::;
X . + (Zn,yn) 0] siaDov 45
(x0,¥0) ’ E ey 1224164
0

Constant 811281
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F
b
E
|
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" 1» h 0
Track electron e S e s

‘ Beamline

track rec. N - s %
I SDev 1328
1 cm track electron rec. uncerta * ‘ ‘
decay electron B*. 1 E " Mubar
track rec. ICE| © loD| = 5 at} o
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/ns

« DCA (Distance of Closest Approach) is calculated
= according to the rec tracks.

. AT (bias to the expected TOF of track electron) is also
acquired from track rec.

« We have reconstructed the PSI experiment

« We are developing the data analysis software and detector system for
MuMuBar

* More detailed simulation is on going ... e
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rotential muon pnysics -
MuMuBar?

Muonium (Mu) Anti-muonium (Mu)
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MuMuBar requires High Repetition Muons

Muonium (Mu)

Total intensity : > 2*108 ut/s
Repetition>40Hz
Single Pulse intensity : < 5*10° > P
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HEMS BRaEZ =R
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HEMS parameters

S HEMS PSI ISIS JPARC
USRA A
& § $FE[Hz) 100 CW 40 25
u+3REE[U+/s] 5E6 1.5E7~4E8 5E5 3E6
5 & EE[MeV/c] 20-200 10-350 20-200 20-300
T+ £ ZE[MEvent/h] Up to 800 ~20 20-200 180
T sk bL SRy
MuMuBar 3E8 /s 8E6 /s NA NA
u-EDM 5106 pt/s <5+10% p*/s NA

In the far future, but who knows...
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Summary yubao@ihep.ac.cn

MELODY has been approved!

Now: We are going to build a surface muon beam and a
MUSR spectrometer.

Future: We reserve the space for more applications in the
future.

Far future: We expect muon physics and HEMS

We welcome all kinds of suggestions and collaborations.

Thank you!
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CSNS Il Project
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