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Fig. 1. General overview of the CSNS-II scientific facility.
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Fig. 2. Layout diagram of the beam lines of the CSNS-II muon experiment terminal.
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# 1 ZANTHRMACRIEERR R ERBET SMT1 Hl SMT2 SC3 202+ dim i
Table 1.  Muon beam intensity of SMT1 and SMT2 under different beam spots simulated by using artificial intelligence op-
timization algorithm.
HBEST /mm 10 20 30 50 100
SMT1Z8 b8 / (pes ) 1.1x10° 7.3x10° 2x108 8.2x108 1.6x107
SMT 2% b it / (s ) 5.9x10* 1.7x10° 8.4x10° 6.5x108 1.8x107
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DMT1 fl DMT2. FAZ T A0k EEH TR 55
TREER Y uSR(pt ) A1 MIXE(p— ) 5556, Ffnl L
TR+ B . BR800 BRI bR M A 22
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(AR FRIA -, B IRRMER AR, %5 18I f R
SRS U R LR &R, A — BN TF
¥ 1/3. 5 (2) XKRM, th TR #7512
T A eI AL, P () R SCEE AR Ak R k. S5
B F3E U p WA FE 1) R P AR R
IR B, I O I ROR 2 22 (BRUAPIER
MER BT ECR Z ) SRAFAEXT R F 240 A . 5
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P (t) f0lE 4(b) Bz, P (t) 1E & S WoRE S it A= 8
MIITFE: P (t) J53% JE W I W B, #E7 58 5 R W 5
ol 52 W37 588 J 9 4 A1 3 B O Bl IR A% 3 AT L
tE3 25 1) & Bk 3 5 1) 4.

et

1EHRT
B

H kAL
27

\\\\\

& 3 pSR F AR HA 5 03]
Fig. 3. Schematic diagram of the basic principles of the pSR
technology!53.
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Fig. 4. (a) Original spectrum of positron counts measured
by the detector as a function of pt decay time; (b) the po-

larization function removed the exponential decay term and

normalized to asymmetry A [,
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it BALRREL P (t) 22 1
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1L BRSO . A S PE AT e 5, WU AS [ 37
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JRE i 8 N R T 0 LR O, B P (1) R
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2, BrLA P (t) KRBT “ B AR . DL
RS RG], P (t) W AR R
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Horb (By) R FYIRESRE, o 5 R SRR G
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WML SR, AR B K LaFeAsO o
SB35 5, WA FERIAEAR /D (< 0.3u8)
SR LA R TFB TN AL, uSR SR AEH 11117
R R T R A, FER A R T R AR T
TR (1 6.

0.2

T=4K (a)

0.1F

—0.1 ¢

Asymmetry

0 0.5 1.0 1.5
Time/ps

2500 - T=4K (b)
2000 |
1500

1000

#3
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5 10 15 20
Frequency/MHz-B

K5 (a) 7 HEEWALTT W PAT TR BRREAE i LipCuO,
A5 89 uSR 355 (b) X pSR i P (8 Lt AR 46, 3 AN 3 M
RS

Fig. 5. (a) uSR signal (here called “Asymmetry”) measured
in the antiferromagnetic state of Li,CuO, with the initial
muon polarization is along the g-axis; (b) in the fast Fouri-
er transform of the puSR signal, three spontaneous frequen-

cies are seenl?,

=}

2

g

]

N

k=

=

o 0.6
o

g

& 0.4l
S

= 0.2H

.

Bl 6 Ptk SR MRS LaFeAsO fY uSR %, 18 145 K
11100 K AR T 73 31 2 B T2 245 0 2 Bk 2 B9

Fig. 6. uSR signals recorded in a polycrystalline sample of
LaFeAsO in the paramagnetic state (145 K) and in the an-
tiferromagnetic state (100 K)o,

W —2, X TGS B RTT ER AL A0 1
THBL (AR 2 BOWRE AR, A7 1004157
%), P(t) AT RO (7) ek (8) 2

PO(t)=1/3+2/3(1— o) exp [—0?t?/2], (7)

P (t)=1/3+2/3(1 —at)e ™, (8)
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0 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
1.0-\\ ®)
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£ /
O _______________________________

Time/ps

7 REZS REG 53 A5 RN (a) 5 37 “Kubo-Toyabe” 24 2
Al (b) #182% “Kubo-Toyabe” /A 3 [ 28 T 25 1t Ak 2R $i )

Fig. 7. Time evolution of the muon polarization P (¢) in a
system where the magnetic moments are randomly oriented.
The field distribution produces the so-called (a) Gaussian

and (b) Lorentzian “Kubo-Toyabe” function[.
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AT L A 5 G L Ry SR | R R R A AR
FH ASRIREAH S8 G ARG A S E I RIA TR uSR
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WFFE A TEB | i F e AR S RE AR R A
F-BL X o i iR R B RERH A L, pSR 7T

197602-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 73, No. 19 (2024)

197602

PAg S A IS A5 B, Kb — Rk
U T R M A8 Bk LA, RS T B
BEAERERT LI FHF A e 2425 1 (8] 8(a))l19l.

P T 1, SRR PO OV AR 2
R NI A [ . R 6 22 1) 4 2 1A
] DL S Rkl s ke AR, (A BT S —
(Y ERIE 25 A . wSR T LA B8 SR b 1Y) 55
AH R SARAIREA & T 55 (8] 8(b))PY. 37 uSR 4%
R 38 3 0 s AP 0T a3 s 1 B R SR G A ok

BIFFEHE AR P AR S o] S B B Ak (51 8(c)) BT,
P 18] B E00 PR R AR (4 1 2 AR D, I SR
BRI e ik — PG B A W WL S (A A A5 8K
" SroRuO 4, AEHVLISFR LaNiCy  J7H PrOs,Sby,
1 PrPt,Gey, 55 B3 SN M 7 (FE EH T2 T A
AL T 16]) B uSR BRI TR N B 8
SRR T, AT LA e A A 1 o i TR
JE B L AR, MITAS S O X AR
(U S EYSHL

(8) 1.0 e (b)
1.0 B3
a Ai/Anx
3 Lag.g7Cag.33MnO:- --.-""‘4-. =
£ 0.67Ca0.33 3 A* 3
= EE]
2 0.5 @ g 0.5+ d
g v 7 I
< ) A AY % il i
TV A A & I'-"-'
_ ol
N ok el
0 1 2 3 4 5 6 7
n “Fast”
2 0.1}k
2 £
< « .z 2 4
4 2 u
0 . . =]
5
2
g
4+ N
—
o L 3
2 % ¥ A
S 2t ¥ %
< Yoo
“Slow” %
180 200 220 240 260 280 0 0.5 1.0 1.5 2.0
Temperature/K Time/ps
(c) 0.035 , ‘ 0.015
Zero field cpoled Field cooled $ mT
0.030 it 0.010
T T
2] H 0
= H 23
~ i ~
< <
0.025 | i 0.005
0.020 N . 0
0 2 0 2
Temperature/K Temperature/K

[l 8

(a) ZF-pSR 4878 T FRERH Lag ¢7Cag 33MnOy H 2 1 [ e Bk 75 A7 7 Y02 DT oy, BR8P 1 23 1) 23 2 X IR AT R W R [l

) Mn 2T EEZh J1°%; (b) uSR SZE WL 5§44k UCoGe (Tye = 0.8 K) 76 T= 3 K LI F KB )7, 55 i v 3L 77 bol;
(c) A0 X FR 4 18] 48 54 LaNiC Y pSR SE56 K 3L T S5 B K RbE B BLAIR B — 30, Bk & B SRS T i 8] 52 38 Bk 1k

BT

Fig. 8. (a) Two components of fast and slow muon spin fluctuation in Lay ¢, Cag33MnO5 were revealed by ZF-uSR, i.e., there are two
separated regions with very different Mn spin kinetics; (b) in SR experiments, it was observed that the superconductor UCoGe

(Tsc = 0.8 K) exhibited a long-range magnetic order below 7 = 3 K, which coexisted with superconductivity; (c) the pSR experi-

ments of the non-centrally symmetric intermetallic superconductor LaNiC found that the occurrence of superconductivity coincided

well with the appearance of spontaneous magnetism, which means that the time reversal symmetry was broken in its superconduct-

ing statel’”).
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Fig. 12. The p-X-ray spectra of the “Long Gong” asteroid sample (red line) and the Orgueil meteorite sample (blue line) were
measured on the J-PARC p~ beam line by using the MIXE technology/®!.
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Fig. 13. (a) MIXE and XRF techniques were used to study the elemental composition of an antiquities vial, and the presence of Hg
and Cl elements was detected by the MIXE, while Pb and Si elements were detected by the XRF%); (b) J-PARC measured the
deposition of Li metal at the anode of Li-ion batteries using the MIXE technique, and they adjusted the muon energy to perform a

depth analysis of the sample and observed the presence of a Li metal layer3!,
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Fig. 14. MIXE spectrometer based on high-purity germanium detector array on the p~ beam line of (a) J-PARC, (b) ISIS, (c¢) PSI
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Sy, MR ARG I A F 0 R A
JUA~ eV 2L keV AT, AT H T4 S 10 /51
WA AEAT R uSR B MIXE A3,

MELODY fit 2 ¥ £k & i MIXE & {X5h,
NEVEIY” SRR TR S GV S e RO )
8. WIKRGF SN (static random access
memory, SRAM) J&1% £ L F R OHRAF, EXT
5 S R BB B B 2 — . I JLAE R ST A BRI 3
i 13—40 MeV/c 2 F XA [ RS 1) SRAM
WFFE T B B 4 Bl 2 1 RSE L TAE L L 2
TR (pt 5 ) BFREENEEXR. v 5
EOEE2 7R SRR U8 AR R WIVA kL AT =i w1 YA
HAE RIS mp R0 b kA5 A 5 X 1) 177,

T BT RNBFREREF] 15—120 MeV
ALY, pt B p ATk, FE AT AR uSR M MIXE
TEASCR X 25 25 4% A i R (ot A ) R B 2R 4 0
MY, TR AT DU T R 14 . B i |
BT TR TP SR I . R F R S F
TR T BUGAH L ELAT T & L AR R L R
e M AT | BRI AT SRS, FLAH L X G4
G BA B oaBE e, M TG B
B HE, D A AR A e R T R AR A
MIXE $ AR 45 438 0] LABE A9l 16 00 4 5 4 5 1 T
ZofifE R, Bk 4, MELODY 8454 4 il Fi 1
TF R 2 0 W R R FNBBIAF 7T, 4 40 fe3m £ Hh 1
BT R ¥ Farik Yo R L ik 1 2+
RE SR R 55 WFSE A AR o 3 ) (g 1 3 [
BFREENKERE.
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Abstract

The China Spallation Neutron Source Phase-II Project (CSNS-II) includes the construction of a muon
source, namely “Muon station for sciEnce technoL.Ogy and inDustrY” (MELODY). A muon target station and
a surface muon beam line will be completed as scheduled in 2029, making MELODY the first Chinese muon
facility. This beam line mainly focuses on the application of muon spin relaxation/rotation/resonance (uSR)
spectroscopy. The MELODY also reserves the tunnels for building a negative muon beam line and a decay
muon beam line in the future, thereby further expanding the research field to muon-induced X-ray emission
(MIXE) elemental analysis and pSR measurements in thick cells, respectively. The two types of material
characterization technologies keep their uniqueness in multi-disciplinary researches, and also provide
complementary insights for other techniques, such as neutron scattering, nuclear magnetic resonance, and X-ray
fluorescence analysis.

The uSR spectroscopy is a mature technology for injecting highly spin polarized muon beams into various
types of materials. The subsequent precession and relaxation of muon spin in its surrounding atomic
environment reflect the static and dynamical properties of the material of interest, which are then measured by
detecting the asymmetric emission of positrons from the decay of those muons, with an average lifetime of
approximately 2.2 ps. This enables pSR to develop into a powerful quantum magnetic probe for investigating
materials related to magnetism, superconductivity, and molecular dynamics. The combination of a positive

muon and an electron is known as muonium, which is a unique and sensitive probe in studying semiconductors,
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new energy materials, free radical chemistry, etc. As the production of muon beams strongly relies on proton
accelerator, only five muon facilities in the world are available for pSR experiments. This limits the large-scale
application of muon related sciences. Especially, Chinese researchers face fierce competition and can only apply
for precious and limited muon beam time from international muon sources to characterize the key properties of
their materials.

The construction of the MELODY muon facility at CSNS-II aims to provide intense and pulsed muon
beams for Chinese and international users to conduct their uSR measurements with high quality data in a low
repetition rate operation mode. To achieve this goal, as shown in Fig. 1, the uSR spectrometer is designed with
1) over 3000 detector units to obtain a sufficient counting rate of 80 Million/h to significantly suppress
statistical fluctuations in a short measuring time, 2) a high asymmetry of 0.3 to greatly amplify pSR signals so
as to further reduce statistical fluctuations, and 3) extendable low temperature devices to cover most puSR
applications and also fulfill experiments with extreme condition requirements.

The MIXE elemental analysis is a type of particle induced X-ray emission (PIXE) technology. Due to the
heavier mass of negative muon, the energy of muonic X-ray is around 207 higher than that of X-ray or electron
induced fluorescence X-ray. Thus, the MIXE technology is more sensitive to materials with low atomic
numbers, and thick samples can be effectively studied without scratching their surfaces. Due to these
advantages, the MIXE has been successfully applied to the elemental analysis of cultural heritages, meteorites,
Li-ion batteries, etc. MELODY reserves tunnels for negative muon extractions and transport to a MIXE
terminal. The MELODY research team is developing a new detection technology with high energy resolution
and high counting capability to shorten the measuring time to an acceptable amount based on the 1-Hz
repetition rate of muon pulses.

The pSR spectroscopy and MIXE are the two
most important application fields of accelerator muon
beams. The MELODY muon facility aims to develop

and promote these technologies in China by
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