Towards the realization of

a dream muon source
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e Introduction to muon and muon source

« Muon and its applications
« Current muon sources worldwide
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Muon in fundamental physics

Standard Model of Elementary Particles
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« Muon: one of the elementary particles in SM

Isotropic part:

e A sensitive probe in fundamental phySiCS: Fis(x) = x(1— )+ 2p(4x2 — 3x — ) + m0(1 )

Anisotropic part:

« Muon g-2/EDM experiment Faste) = 3o/ (1-x Jo o5 (i 1))

Ee Me
y Xp =
Emax

my,
'

where x = , and Emax =~

« Muon lifetime(Gr) & Michel parameter
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Muon in applied physics & engineering

« Muon spin rotation (uSR): a sensitive magnetic field probe

« Measure muon precession frequency in material py = 3.18 pp

« Muon tomography: detect inner structure of ancient remains

Spin-polarized

e Hidden chamber
Grand gallery
= &




Central idea: self-analyzing muon decay
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Wg Measuremet
in muon g-2
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‘Frozen Spin’ muon EDM
measurement at PSI
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Parity violation weak decay

Lamor Precession in uSR
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Low-repetition-rate pulsed muon source

« Example: J-PARC in Japan
» Bunch frequency: 25 Hz (double bunch)
« Experiments: muon g-2/EDM, uSR, COMET(u= + N - e~ + N)...

Experimental sequence

40ms (25 Hz)

_ Proton beam (3 GeV) Surface u [
muon beam A_A
Kinetic energy Momentum 4 MeV) O

Surface muon (3.4 MeV, 27 MeV/c)

laser ionization
Thermal muon (25 meV, 2.3 keV/c) (" Thermal Mu g /
> muonium ~1ps ~
by 2 (25 meV) K
: Reaccelerated muon S Y WY oy
O ~1ns
(212 MeV, 300 MeV/c) oo + .
MLF muon experimental (25 meV) R \\
facility H-line = 2} ~3ns
Acceleration + injection 4.’”'7 ~~
Thermal muonium (210 MeV) 40 s N

Muon storage

P pro.duc.tion, Muon linac
/. ‘ lonization laser 3D spiral injection

Storage and detection ¥ +
/

: ; w>e E—
magnet 3T)  positron tracking (210 MeV) \w

"’,"-PHHE Gerecor L
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Continuous wave muon source

* Example: PSI In Switzerland Single muon beam

~20 ns

« Beam frequency: 50 MHz —

v

« Experiments: muon EDM, uSR, Mu3e... Time

PAUL SCHERRER INSTITUT

Muon instruments at SuS (Swiss Muon Source)
590MeV 2.4 mA

HAL-9500 LENE

- Low-energy muon beam

High Field and Low Temperature, p* energy: 4 MeV and instrument , tunable
] energy (1-30 keV, u*),

Z 2 thin-film, near-surface
95T and multi-layer studies
10 mK - (5-200 nm)

300 K
0.34 T,
2.3-600K
DOLLY
General Purpose
GPS Surface Muon Instrument

u* energy: 4 MeV
General Purpose Surface
Muon Instrument

Muon energy: 4 MeV (p*)

(05T,
% 0.25 - 300 K

GPD

General Purpose Decay
Channel Instrument
Pressure studies

Shared Beam Surface Muon Facility
(Muon On REquest)

LTF
Low Temperature Facility
Muon energy: 4 MeV (p*)

3T,20 mK-4K

P4° . Muon energy: 5 - 60 MeV
L (rorp)




Limitation of current muon sources

1SR
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Time (us)
Measurement Duration ~10 us

Intensity

DUtV/CVC'e An ideal muon source
Low repetition rate pulse a 100 C
1(1)2 | / Duty cycle ~0.1% f 0 10|
N 20 ms | 10-40 ps
107 ' - T —
ot | L1 e nnnnneonanantnenan
100 | Continuous wave b Time
0| Only use a small fraction
11 sampling . Less muon per bunch A
O N b . less pileup (~103 pt/s)
Time * Higher bunch repetition rate:
Higher duty cycle (>50%)
/- Pulsed muon source \ - /

* Dead time limitation
* Low duty cycle

e Continuous wave muon source
 Sample 1 muon per 10 us

* Only use 0.1% of total muon/

\_
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Where to find such a muon source?

F‘\\( g
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« Muon source driven by electron-on-target
« POT vs. EOT

« GEANT4 simulation
« A muon source based on SHINE
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POT vs. EOT
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There is no high repetition rate proton

Proton on target accelerator in China Electron on target
Ry . N
We got inspiration from dark photon
Collision - - - Phot |
PP search experiments like NA64, LDMX Oto-nuclear process
and DarkSHINE _
p+p->p+n+n’ e~ +Zy->Zi+y
+ + relative  jncoming outgoing +
mt o> ut+v at e e +Z,»>n-+72
H K n..e]()n e SE - Y 2 3
10-1 % bremsstrahlung -
10~ \ =
proton beam 10-3 % trident Elect |
Ex. J-Parc MUSE 104 _ ectro-nuciear process
1000 kW proton beam 10-5 ' ‘ —‘—> v — hadrons
20mmt graphite target 10-6 2"':: v = /1 e e_ + Zl N
hi ca pture magnet 10-7 "'-.1 —~7 +
gt;argeltte end (x selection) 10-% L' —Hmdmm »A. — ln/I\, + soft (e ) + Zl + 1T+ ZZ
- 109 .—’+/I e [F = K* + soft
10-10 : :
Proton beam decay volume 10-1 x _’K e
056~ 5% 1012 L . o I Bethe-Heitler process
10-13 % o
bend (u selection) 10-14 "-‘ ° —
Q.l_* muon 10-15  “yisible” increasingly rare e + Zl - Zl + y
10-16 ackorounds photo-nuclear + -
to neutron facility i, i X —_— Yy + ZZ o e o A o ZZ
v “invisible” backgrounds « 10-16 ,’/'17(‘\10”('1 + CCQE)

Branches of electron on target 10



SHINE introduction

» Located in Zhangjiang, Shanghai
« Expect to complete in 2026
* Electron beam: W

e 8 GeV energy Only 3 kr;from TDLI!

« 1 MHz bunch frequency

Om 1400m 1900m 2300m 3100m 11



Muon from two processes

 Simulation setup: 8 GeV, 100 pC, 10 mm tungsten target

y
[y =i R\
e

« y - utu~ process: High energy, low emittance, low cross-section
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Bethe-Heitler process

e +Z,->Z,+y
Y+Z,-»pu +pu +2,

« Photo-nuclear process: Low energy, high emittance, high cross-section

25

20_
15:—

10t

0 1 2 3 4 5 6 7 8

Photo-nuclear process

e +Z,->Z +y
y+ZZ _)T[i'l'Z3

A

Energy distribution

[
Yy = utu” process
~5%103 muons/bunch

Muon energy [GeV]

1

Photo-nuclear process
~7%10° muons/bunch

Coooa v by by by by 1y
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Surface muon production

- Surface muon: n¥/K* decay near target surface
* Nearly 100% polarization
« Monoenergetic:

. 28 MeV/c for n* decay

« 220 MeV/c for K* decay
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<100 mg/cm?2

—

 Expected to reach 8 x108 u*/s in SHINE

L \'L.
h - P,
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K* decay

m* decay

Parity violation weak decay
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Build a muon source based on SHINE
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FEL-II : 0.4-3keV

RFehn# BEE4R1

Beam Splitting
~ 1 MHz — 25-100 kHz

— Beam dumps
e

. — .- |
Acceleration ——
Besmdump __.="
(thicktargey ~ __.-="7
Thn | et
target | 00 __.--"7
l ______ High energy
4 - Collimator GeV muon beams

' - - _— (~10"5/year)
Electron beam —i—#:l o 'r. __:& High energy muon
’ physics facility

1
surface muon —— 'y -

Capture solenoid

Quadrupole Proton radius measurement,
muon tomography

Coherent elastic
neutrino-nucleus

Neutrino physics

Low energy MeV facility scattering (CEVNS),
muon/pion/positron Kaon Decay-at-rest
beams neutrino (KDAR)
(~1018/year)

Muon g-2/EDM, muon lifetime,
muon spin rotation

15
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Advantages of this muon source

» Using to-be-dumped electron beam

« No need to build a new accelerator
(SHINE costs 10 billion RMB!!!)

« Can be driven by a LWFA electron accelerator

e Accelerate to ~GeV electron within 20m

A moving muon source built in a truck?!

Laser Wakefield Acceleration (LWFA)

Gas cell OR Target
Plasma waveguide v
) /|
/
GeV Muon
T e-beam pairs
PW Laser
120 m <20 m

POT muon source in PSI Compact muon source 16



, .
/ \ L (o

@) Fuds i
* m TSUNG-DAO LEE INSTITUTE

» Potential Applications of SHINE muon source

17



Muon Spin Rotation (uSR)
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« Each measurement lasts more than STH

« Optimal frequency: ~100 kHz

Light guide = Length
465.6mm Width
1.35¢m,Thickness Smm
Support :
ner

« China’s first MuSR prototype has been built in USTC
B G MuSRIESUEALER 435500 25 78 5 [ 58 5] 25 A

=4

i
i
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UMDY

PMT : Scintillator = E-200+
Hamamatsu

Length 17.5cm Width
R13478 1.35cm,Thickness Smm
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Mu-Mu conversion

Mu- Mu conversion is a double lepton flavor violating process

Mu is detected through atomic e* (low energy) and decayed e~
(high energy)

£
e+2v

Measurement duration: 10 — 20 ps

Michel e 52.8 MeV atomic e
N » \

|\ <E>=135eV

Prof. Jian Tang (SYSU) is leading the R&D of this experiment
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« Summary

20
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 Current proton-driven muon sources are either low-repetition-rate pulsed
sources or continuous wave sources, which is not optimal for muon decay
experiments

 An ideal high-repetition pulsed muon can be built based on a to-be-
dumped electron beam in the SHINE facility

 Bunch rate: 25-100 kHz

« 103 muons per bunch

 Our simulation predicts SHINE muon source will produce both surface
muon and high-energy muon for different experiments

21
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Thanks for listening!

22

Group dinner in Minhang




Backup




E=26.4 MeV
a=0

E=52.8 MeV
a=1

N (1+ APcos6) = (1+ AP(t)-11)
dO ATCOsI= ] ae) = e —1)/(3 —2e¢) 24



