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1980 1st muon beam at UT-MSL
1983 Shimoda uSR Int. Conf.

1986 uCF experiment

1987 Muonium Laser resonance EXp.

1994 Ultra Slow Muon production
1996 Nikko uSR Int. Conf.

1997 Reorganization to KEK-MSL
2004 Start construction of J-PARC muon



NML facility (1 : 700)
(KEK-MSL, KENS)

~ Booster syncrotron
o

Main Ring (PS)

g UEd

Muon Sclence
Laboratory Il

5-15Power Station|

7

——

S00Mev
3.2uA-9.6uA
] = 20Hz

1 S0ns

T—— Common Facilities
' Proton Synchrotron Ralated Facilities

N &~ e Accelerator Related Facilities

72/80 Pulse 4sec
37/44 Pulse 2.2sec



KEK-MSL Facility (varch 2006)

Muon Science Laboratory
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Instruments and devices operating at the
End of the tsukuba-muon Beam

Sample cooling:

— Dilution Refrigerator (wA) 20mK-4K, Top Loading (8h exchange time)
(tB) SmK-4K, (24h sample loading)

— He-flow Cryostat 2-300K
— (with goniometer)
— Mini-Cryo. (conduction type) 4-400K
RH- resonance
— RF-Resonance (40-60MHz for u*, 100-500MHz for u* u* and Mu)

Light lllumination

— Laser (TiS) 700nm-900nm 400mdJ/pulse
— UV-flash Lamp

High Temperature
— High Temp with IR Lamp 300-1000K

High Voltage
— Pos and neg. 10kV variable Bias. with Pulse operation(us)

— Detctor system Xray . gamma ray
— 7-segmented Si(Li) X-ray-detector

3. 7 1 superconducting magnet
41T LF coll set up
256-segmented Detector system for decay-electron and positron



Construction
at J-PARC
MUSE

fffff r: E——
. ! 2 #,.4--:_— =] - ____:_h K“

/ ~ . " . \h §
| !1‘ d Life Science Facill \ /
/7L Fptron and Muon N2

. x
[ II.' = \II' \IIL ||
s : = 7
Il 14
1/
/
/
V4
= 5 eV Synchrotron
~
s

-
_____‘___-__________.--'



1.E+08
EHEROEFINER AT—DH
J-PARC-MUSE
1.E+07
E 'fs: W HE
=5 4 A rEme
‘ O® ans 2
1000 —+— oW 5"5 PHEGHT > 1.E+06 =
=N *s . J-PARC RCS E o O
J L‘.. A P o D ’ B -7
TRIU ISIS *’L owel o+ g -
w01 ™. : = 1.E+05 Wi Ll
= ! o - RHTHEY L.
E /1 J-PARC MR ,6, " TRIUMF
4 i v ”
2 X S LE+04 [~ 7
3 — ‘*. ", s g
a J ' P KEK-MSL
. B @ ‘.FraLM e L1 MW B
* L cern-ps '@ % / ,
E ) 1£+03 |
» 0.001 0.01 0.1 1 10
0.1 MW
"E Power (MW)
0.01 l IH!II [ l[l!!l1 I Jl[IIII I |IIIHI |1 1i1]
0.1 1 10 100 1000 10000

I LF— (GeV)




Basic concept and design

o Tandem-type target with neutron source

o Central Tunnel for proton beam line, muon
source target and neutron source

0 two experimental area separated by beam
tunnels

o 1st Target with 4-secondary channels
o Possibility for 2nd muon target



Super Hi solution Powder }
~KEK 7 "
_ NBBORU- |
| = = /a)\J A IBARAKI Biological
oy 15851 Crystal Diffractometer
= . Nuclear Datg 5
- Hokk ’ 1
@ e
/ (N m
T z A
S T J~ fd Space Access Neutron
J; 0T | Bpe eter(4SEASONS)
- ht—@@ld for Specially
" Drarmm

Dacan rnl-l M EXT

%

1%

(CNDcsﬁJAEA

Fha

4 el -
slelelel s 1
j,l|r:1_i-.w= F@E Jl a Eﬁﬁz J ﬂ
al ol =] I
T S8 ST °F

- #,-*"';r
P |
o |
-
T e __.-r‘"’" F
-~
ot | °© g
! : i
Vizk..' S I
@ [ |
o |
o F2ERE-1 I!
o By
g |

= Neutron Source

Engineerinﬁ
Diffractometer

. 5L —000




Muon Beam avallable at J-PARC MUSE

_! ¢ 1)Decay/Surface Muon Port (Phase 1)
@[Tl JaHioh * | |
| Decay Muon (w',w)
' “"" Beam Energy 5-50 MeV
&l e Momentum Implantation Depth 1mm-~cm
- {; Energy Distribution ~15%
MUOﬂ POI’t Pulse Width ~100 ns
& " " Beam Size 70 mm X 70 mm
Intensity 10%7/s
Beam Port 2

2)Surface Muon Port ( Phase 2)

Beam Energy

Implantation Depth

Energy Distribution
Pulse Width

Beam Size

Intensity

Beam Port

iy 3)Ultra Slow Muon ( Phase2)

Beam Energy

Implantation Depth

Energy Distribution
Pulse Width
 [Beam Size

‘|Intensity

Beam Port
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construction of J-PARC

Proton beam line M1./M2 tunnel
FY2004 MLF-building construction began
iInbetted iron shield, duct for air cooling, basement for power
supply yard
o FY2005
Base plate. Guide shield installation
o FY2006
Target chamber, proton beam line magnet
o FY2007
Pillow seal, shield, beam duct installation
o * M2 tunnel (7.17) completion of beam line component
o M2 line Celling shield

O O

o FY2008 construction of 2ndary beam line
Decay -surface muon beam line
Transport from old facility (superconducting solenoido and cooling
system )
Radiation shield for 2ndary beam line
Magnet and beam duct for Muon Beam line.
Experimental apparatus for general user.
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Construction of muon target and M2 beam line

Muon

Target

Cooling

i

Guide Shield (transport to hot cell)

._l ]
L

|

. 5
L
L}

Air conditiéner
Shield

Installation of
Alignment Plates
XY +0.1mm
Precision
Level +0.1 mm

Pillow Seal

Bea

+shield

006—12)

ning

Target cask for remote Handling




Construction of muon beam line (decay/surface)

o

Superconducting solenoid installation (reuse)

_ highly segmented
#\ 128 ch (reuse)




First muon from D1 beam line (4Mev positive muon)
on 26.September 2008.
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Construction team and muon users celebrate the re-birth of
Pulsed muon beam at J-PARC MUSE




Future of muon science
plan at MUSE




Sciences explored by muons
Positive and Negative Muon

Positive Muon:
A light Proton (1/9 mass)

Stays interstitial
Position.

e

Decay

with lifetime (2.2us)
lts spin perturbed
by magnetic field. W
Emit positron
preferentially aong
the its spin direction

muonium radical

G XD

Negative muon:
heavy electron (200x mass)

Small orbit of
muonic atom orbit

-->effective atomic
Number (Z-1)

High Energy of muonic Xray
200x (electronic X-ray)

Muonic hydrogen behaves as neutral :
coulomb screening
(muon catalyzed Fusion)



Positive muon

©High temperature superconductivity cuprate

© uSR study of organic conductor under high pressure
© uSR study on 4f, 5f electron system

© uSR study on nano-structure

© Surface and interface studies of superconductor and
magnetic materials with ultra slow muon

© Study on Magnetic multilayer with ultra slow muon———
Development

© uSR study High pressure

© Internal field distribution by RF-resonance High Time
resolution by RF

© GHZ resonance

© Application to industrial study



uCF
1) High temp, High Pressure Beam extraction

2) du— tu——muonicXray Ko,Kp,Ky precise measurement 3) a—capture
precise measurement 4) (au- )T Beam extraction 5)Laser resonance

Muonic atom chemistry, chemical reaction. electric state
1)X-r measurement Z—1+98 2)Chemical reaction Difference between u-Ar,
Cl 3) Laser resonance ay

Application Nondestructive 3-dimensional analysis

Radioactive muonic atom 1)muonic X-ray

2)charge distribution of Radioactive nuclei
nuclear structure (direct measure of Quadrupole momentm)
Radioactive nuclei in solid hydrogen target (anormalous diffusion du)

uSR with negative muon

1)local hyperfine field at Oxygen site
2)Z—1impurity electric state and effect in semiconductor Nitrogen atom in

ZnO ( using laser)



Research field of Inter-University Program

Proposed Field (1997-2003)
14%

B Magnetism
2%

B Superconductivity 35%

8%
B Muon as a

Hydrogen Isotope
__|Chemistry

6%
B Atoms and

Molecules
| Life Science

B Technical
development

wraliFa

Major proposal of Inter-university

Research program utilizing oversea facility:

Strongly correlated electron systems and
Magnetic materials

(2004-2005)

10%
3%

5%
3%

31%

18%

30%

(2006-2007)

5%3%9‘%:~ 3%

10%

40%

39%




Unique Muon Beam in the world

(Ultraslow Muon)
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107 Cu

Ultra Slow muon

Surface muon
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Specific feature of uSR as a material probe
“Condensed Matter Research Center”

L SR is a “local magnetic probe over atomic scale”
complementary to other probes neutron/NMR/SR -

In comparison with other such probes:
--With neutron diffraction

1) It can be used without long-range order.

---applicable to / large unit cell size
2) Small amount of sample would suffice.
3) It responds linearly to the order parameter.

---with nuclear magnetic resonance (NMR)

1) It can be applied to any material regardless of nuclear spin.

2) It is a purely magnetic (S=1/2) probe, leaving less
uncertainty of interpretation due to multiplet state.

3) It responds linearly to the order parameter.

---with both neutron/NMR

It has a unique window of time scale inaccessible by those
probes.

—Fully complementary to other probes—



Conclusion

At MUSE variety of sciences will be explored.

Muon Facility consists of

Muon Target and Primary proton beam line
Secondary muon beam line

Spectrometer and instrument

Now 1 muon beam line Is available.
(Decay/surface muon beam )

Ultra slow muon beam will be the *“most unique
beam line in the world and new science will be explored”.

Surface muon channel can be used by many users
simultaneously.
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Importance of early start of Phase Il

o Surface muon channel
* many user are expecting as soon as possible
 possible power user and industrial user can start
construct new leg, if funding is available
o Ultra Slow muon line

e |nstall front magnet before target environment is highly
activated

e Ultra slow muon beam will be flag ship -unique beam
channel
0 Sequential construction work is important
* Restricted manpower (operation +construction)

o Efficient and effective usage of summer long shut down
period



Ultra slow muon beam
-central Project of Phase |l

Uniqueness: possible only at J-PARC
Pulsed Laser system+ High Intensity pulsed muon beam
Spec:
time structure: single short pulse 10ns to sub-ns
Energy: 30KeV-100eV variable, width <50eV
Beam spot: few mm
law background
Intensity: 10E5/s
Readiness:
R&D work at KEK-MSL and RIKEN-RAL
proofed spec. /achieved intensity-- 20muon/s
Beam transport R&D by Dai Omega at KEK-MSL-LABII
Design for superconducting curved solenoid is on the way
Total beam line design will be finished in FY2007.



Research of in-Haus staff and collaboration
Strongly correlated electron systems

Superconducting state with TRSB
High Tc superconductor
heavy fermioOn system (f-electron system)

Magnetism
chirality
Nano-particle, organic magnetism

Semiconductor
Hydrogen state in the semiconductor

Others

protonic conductor( proton diffusion )

Atom and molecular physics
uwCF with spin controlled hydrogen target
muonic atom with unstable nucleus, electric state of muonic X-
ray
Development
Production and application of Ultra slow muon
surface muon beam with large solid angle acceptance



Topics 2004—2006

filled skutterudite PrOs4Sb12 muonium In

novel superconducting state with light hydrogen isotope in

TRSB/ small intrinsic local magnetic field ZnO, GaN, TiOZ2,
alloying effect (La, Ru)

Large Omega
cyllndnc seperator

uSR study on b-pyroclore AQ0s,0qe 0.3
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Ortho-para effect of D2 state by cosmic ray
target on uCF muon.




Development for Future Facility and
Experiment (on-going items)

Vacuum connection (Pillow seal)

Target development (rotating target for | MW beam)
Pulsed electric separator/ Deflector

Beam Channel Automation

Multi segmented detector
Position resolving high Time resolution Detector

High power Short Pulse RF-system
for RF-uSR technique

Target environment
(hydraulic and uni-axial High Pressure, low and high Temperature,
High magnetic Field, Laser illumination, Electric High Field)

DAQ automation



Variety of Scientific Research Subjects
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uSR :Muon Spin Relaxation
. Muon Spin Rotation

-
L SR is a “local magnetic probe
over atomic scale”
complementary to other probes
neutron/NMR/SR.

Application:

sl-c}‘iﬁ.i'ing down

Muon catalyzed fusion

(uCF)

(Munn catalized fusion cycle in Dz-Tz systemj

! ILOTL
IO

) transfer
Lol i‘l. hansfer
tansfer % . g see

moonant
muoric molecule
formation

~ 107 s
IIoIL

~ 101 sap

1 CF (muon catalyzed fusion) is
one of the possible energy
production methods. Now 120
dt nuclear fusion occur per
muon. To achieve energy
break-even(300), various
condition can be studied such
as high pressure, Temperature,
atomic spin state etc.

Fundamental muon physics

KEK(1987)

RAL(1994)

[ -]

Joint Project

26000 28000 30000
Av(1s-25)-2455500000(MHz)

Hydrogen

Muonium

Muonium atom is consisting
of a lepton pair.

Fundamental muonphysics can
be studied by Intense muon
beam.:

The muonium (Mu) consist of
positive charged muon and
electron can be thought as a
ideal object for fundamental
physics.



Magnetic order probed by uSR

---Muons feel magnetic fields only
from the neighboring atoms

No magnetic order Maagnetic (ferro) order
& Q - -

®
The local field is random at The local field is common through-
muon sites, which depolarizes out muon sites, leading to a

muon as time passes by. spontaneous muon precession.




GaN and ZnO important wide gap semiconductor
for device application.
Usually always n type

What is the origin of shallow donor? (More than 20 years puzzle)

Muon Spin Rotation Method found the weakly bounded muonium

Semiconductor

Discovery of shallow donor hydrogen state in wide gap
semiconductor by muon spin rotatio ~ Origin of
unintentional n type conductivity in GaN and ZnO ~
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Application to the industry
Basic Research
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