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What is ultra-slow muon ?

U+ beam
(surface muon)
~ 4 MeV

e.g., MUSE H-line at ]-PARC MLF
| x 10A8 u+/s at 28 MeV/c
in a 5% (rms) momentum bite

aoens

lonization
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Muonium

~0.2eV

laser
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re-accelerate

Ultra-slow p+

extremely small

transverse momentum
( ~ target temperature )



Applications

— Condensed matter physics —
Extended uSR

(muon spin rotation relaxation resonance)
- thin films, surfaces & interfaces, nano-structures -

for studying magnetism of the materials ...

& Depth Resolution

100mm FY2013

-~ - N v-q\‘
* - . \l — FY2012 Micro mucn beam

10mm ~ ~ 8. - by reacceleration mMUON MKroscope
- - Y . :
'\ . N up to MeV 30D uSR mapping
~ . \ :
). O \ with ~10um in
4

Surface muon
(Corwentional slow muon)

2 Imm- *
= I ) = i > I spatial resolution
e |
= . )
3 100pm - Surface Interface Bulk WM
S c
USR depth profile “xz o
froen the near surface Y sk s
- . “\ ~ -
10um and up to 200nm depth \’\\ \ ~ o
e [- with nen resolution l\\_.-f N .\ $
l \ - \ o
| 2 FY2014 N S 3
1 b S ()
pm | .\‘k N & L
reacceleration M >~ -~ 5
| FY2015
o irnvm o ]},:Il.]m, - VHVii'.;nmr o irpvm o lrlrl;;mr a 7! (7lrlr;||m o Iwnvm: D v
. . - tn . R . epth
(50eV) (1keV) (20keV)  (50keV) (250keV) (1MeV) v
(Energy)

Grant-in-Aid for Scientific Research on Innovative
Areas 2011-2015, “Ultra Slow Muon Microscope”
( http://slowmuon.jp/english/index.html )

Particle physics ~

Measuring the muon g-2

and EDM at J-PARC
-> talk by Prof. A.Denig on Tuesday

towards 0.1 ppm r.(‘

\

3 GeV proton beam

(333 uA) T

T
Graphite target %
,(20'mm) Silicon Tracker ‘ ||

Surface muon beam
(28 MeV/c, 1-2x108/s)

|
66 cm diameter

Muonium Production
\\ (300 K ~ 25 meV=2.3 keV/c)

{ Super Precision Magnetic Field
(3T, ~1ppm local precision)

Resonant Laser lonization of Muonium
(~106 ut/s)

our approach : E=0

( no need to be "magic" momentum )
-> need well controlled muon beam
-> start with ultra cold muon beam.

J-PARC E34 proposal nhttp://j-parc.jpiresearcher/
Hadron/en/pac_1001/pdf/KEK_J-PARC-PAC2009-12.pdf
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http://slowmuon.jp/english/index.html
http://j-parc.jp/researcher/Hadron/en/pac_1001/pdf/KEK_J-PARC-PAC2009-12.pdf

Muonium-emitting material

Key issue

emitting into
vacuum

hot tungsten
~ 2300 K'!

/ \

( )
Muonium in vacuum
( not only producing but emitting in vacuum
for laser ionization )
- J
so far we know only...
4 N

silica powder
room temp.

unhandy due to

. significant heat
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unhandy due to
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owdery material
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New idea : Silica aerogel

v Same chemical composition as silica powder
v Self standing
v Extremely low density

|
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Merit of room-temperature target

r

1. Handiness

= Easy to handle & hot-W radiating significant heat

2. Smaller Emittance

= lower energies of the produced Mu

= smaller transverse momentum of muon beam
3. Smaller Spacial Spread & Doppler Broadening
= Narrower energy distribution
> smaller spatial spread of Mu in vacuum

> smaller Doppler broadening of resonant line for Mu excitation

= more efficient use of laser power




TRIUMF S1249 experiment

P
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Side view

DC beam Trigger : BC x TC x Pileup ( ~150 Hz)
(19 - 25 MeV/c)

500 Hz
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The first Mu observation from aerogel

Prog. Theor. Exp. Phys. 2013, 103CO01

put beam aerogel
M — muon stop

~ 0.3 % per

beam
counter
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Histogram : target decay distribution estimated from a simulation of
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8

Table 1. Vacuum yield in the region 1-3 and mean free path

Density Vacuum yield Mean free path (um)

(mgem™3)  (per 1000 muon stops)  (small chemical potential model)
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relative yield

Toward more yields

— Increasing surface area

simulation with diffusion model

[AsEE T 0 I
thickness : 5 mm
6 hole size = hole pitch ]
separation: 0 mm
5 hole depth : 4 mm -
| thickness .
4 g hole depth : 3 mm
Tty
3 LT N
[0 + 2
2 5 1 j 4s .
E'T D* , holedepth:2mm
1 _»{ D+8 flat surface
0 | depth | A L | I
0.1 0.2 0.5 1 2 ) (')

hole pitch [mm]

simulation:

aerogel :
5 mm thick
diffusion : thermal dump model
my / Mx= 2.5 x 105
Vchem = + 15 eV (repulsive potential)
Almip=1.865 x 104 mm
p = 30 mg/cc equiv.
initial muonium position
uniform over aerogel in z-direction
Gauss distribution in x / y-direction

Ox =0y =4.4 mm
muoniums generated in a hole
were rejected into garbage

simulated by M. lwasaki



Laser-drilled aerogels

surface

Pitch : 300 - 500 pm | |
Hole size : ~ 300pm Y
Depth :~ 2mm |

-

All silica-aerogel samples we used were
prepared at Chiba Univ. by M. Tabata (Chiba/JAXA)) and
drilled by Y. Oishi (RIKEN) & Y. Asakawa (LIGHTEC Inc.)
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Result from laser-drilled aerogels

again at TRIUMF with the same experimental setup (in 2013)

arXiv:1407.8248
The emission probability for the laser-
: %)
processed aerogel sample is at least =
eight times higher than for a uniform one. | &
Table 1  Yield of Mu in the vacuum region 1-3. For all laser processed samples, the
diameter of the structure is 0.27 mm.
Sample Laser-ablated structure Vacuum yield 1
(pitch) (per 103 muon stops)
Flat none 3.72+0.11
Flat (Ref. [5]) none 2.74+0.11
Laser ablated 500 pm 15.98 +0.23 ®
Laser ablated 400 pm 20.85+0.73 &
Laser ablated 300 pm 30.50 £0.32 Lﬁ
Vacuum yield : ~3 % per muon stop

-> ultra-slow muon rate ~ 0.2 x 10° /s
-> s0 how, the vacuum yield achieved
the operational level for g-2 !

3
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(though still 5 times smaller than the design intensity to achieve
the final statistical sensitivity of 0.1 ppm)
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Time distributions of positrons in the entire target region and in each of three

vacuum regions, for flat aerogel (open circle) and laser-ablated aerogel with pitch of 300 um

(closed circle). No background has been subtracted
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What’s next ?

----------------------------------------------------
- ~

-> Confirmed at TRIUMF S1249

Laser ablated
aerogel

than for a uniform one.

~ -
---------------------------------------------------

Muonium
~0.2eV :

Mu emission probability is an E
order of magnitude higher

2) Laser 3) Ultra-slow
ionization p+ extraction

extremely small

transverse momentum
( ~ target temperature )

next step :

\

Actual ultra-siow

muon production
Y,




Ultra-slow muon production at RAL

R & D of room-temperature target
to be developed to a practical level

(1) Production :
ultra-slow muon production with the room-temp.
(2) Extraction :
establishment of ultra-slow muon extraction scheme
Hot-W (electrode) vs. Aerogel (insulator)
(3) Stability :
testing of the long term stability
(4) Optimization towards higher yield :
- structured-target shape
- laser with reflection mirrors installed near the target
- etc ...

13



RIKEN-RAL Muon Facility (UK)
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4 ) | —
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Experimental setup

top view

birds-eye view

muon beam

ultra slow ~
muon beam
W

)

ultra-slow /
muon

oot

Lead
shield

preparing towards the first beam test
at RIKEN-RAL on March, 2015

15




Summary

v Ultra-slow muon for next generation pSR and muon g-2/EDM exp.

v Plenty of merit with room-temperature target

v Great performance with laser-drilled aerogel target (TRIUMF S1249)

v R & D of room-temp. target at RAL to be developed to a practical level

16




Backup slides



another idea for more yields

sandwiched aerogel target

drilled aerogel target

|

muon beam

momentum distribution

18



Muon extraction after laser ionization

Electric field
mesh Hot-W
: The electrode is Hot-W itself
+ muon Mu
< <
Laser
Electric field

cannot be an electrode

mesh : = Aerogel
Imuon ) Mu r

(E EL ( but dielectric body )

Laser i
mesh here !

19 to be sure that the electrical potential



Beam trajectories

acceleration system Lead collimator
1) mesh 2) SOA ~100 mm
electrodes
lens
\ I I
beam size ii e S
30 mm @ I :FLH — — p— .

enough for stopping e*
from p* stop

~ 550 mm

20
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muon g-2 and EDM

H=8, (e/2m ) s
a, = (g, -2)/2 : anomalous magnetic moment
Dirac equation predicts g=2.
Radiative corrections deviates g from 2.
a = a(QED) + a(Hadronic) +a(Weak) + ...
y Y
Fot ot Xt

Contributions from all particles, even undiscovered
d=n(e/2mc)s

If EDM is nonzero -> T reversal is violated.
=> First indication of CP violation in the lepton sector.

22



muon g-2

BNL E821 measured a, to 0.7 ppm for pu* and p (sum 0.5 ppm)
Deviation of experiment and theory by 3.4 ¢ was observed.

New physics?
Experiment and theory to better precision is waited for.

N

1
t : (9.4 ppm) CERN U’
(10 ppm) : - CERN I
(13 ppm) — E821 (97) u"
(5 ppm) t E821 (98) i~
I
(1.3 ppm) | EB821(99) "
(0.7 ppm) i E821 (00) '
(0.7ppm) [ = E821(01) W
| e World Avera9e
Lpt gttty L g1l
S O o T & &
o B0 SO - o o
o S 0O o o o
= - £ ™ <t 0 |
D D D D D D o
Yol o) El o) o) 0 0 —
© © o © © © <

ot}
—
—

L

23

Hadronic contribution (experimental input)
study by several groups and methods
(“e+e- 2y = hadrons” and tau-decay).

=> Some variations but not enough large to
explain the discrepancy.



Muon g-2/EDM@J-PARC

We plan an independent measurement at J-PARC
based on ultra-cold muon beam and MRI-type storage ring.

with different scheme - in systematic errors.

g-2 measurement EDM

N

=] a,B Qg(;ﬁxé&}

m

Out-of plane oscillation is
. ] an indication of EDM.
Make E=0 by making focusing need low.

- no high "magic" momentum requirement.
Need of well controlled muon beam
- start with ultra cold muon beam.

24



Our goal: comparison

Muon momentum 3.09 GeV/c 0.3 GeV/c

gamma 29.3 3

Storage field B=1.45T 30T

Focusing field Electric quad very We?k
magnetic

# of detected p+ 5.0E9 1.8E11 1.5E12

decays

# of detected p- 3 6E9 ) )

decays

Precision (stat) 0.46 ppm 0.1 ppm 0.1 ppm*

* Based on 1 x 10%/s stored muons
x 1 year data taking (107 s).

25



Muon g-2/EDM@J-PARC

High intensity Japan Proton Accelerator Research Complex
1 MW at 3 GeV (0.3 MW at present), 0.75 MW at 50 GeV

26



proposed experimental site

J-PARC MLF (Materials and Life Science Facility)

o 4 H-line will provide 108/s surface muons.
A | - Installation in the proton beam tunnel completed
L (Y. Mlyake, this workshop)
— ]
E—‘—‘J— r— B
o L i ‘“ g-2/EDM
g ] e - - orage magnet
ARETS - DeMee;| | Q
= r 1] H et
: e B o e -
- .*L' "1 ) a, FE" 2 - ! 3 - =
= cold
source
24
X ==
§ lation-neatron |
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Ultra-slow muon from Thermal Muonium
Typical surface muon beam (4 MeV, Ap~2%, 4cm¢, 50 mr)

Stop muons in a material,

some diffuse out at thermal energy.
Good muonium emitter and

an intense laser to remove the electron

t () () Ultra-cold .
= 5911* are essential.

Laser
122nm, 355nm

Surface muons

Mu production
target

Silica powder has been known to be a good
Mu emitter at room temperature

Mu diffuse out through network of SiO, grains
(large surface area)

Silica aerogels with similar network structure
can be more easily handled and may fit better
our system

28



Measurement S1249@TRIUMF

(a) Side view (b) Front view

Target
Veto & Beam ¥ ™
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Decay in vacuum

\

~

Muonium
Target

== | ‘o S
D:: i &

MWDC

Nal
AR a

L 1] oee

Mu velocity in vacuum ~5 mm/pus
MWDC intrinsic resolution ~0.1 mm
Track back resolution ~2mm

(from 0.1mm silica-plate data)



First results S1249@TRIUMF 2010-2011

Mu excess over reference target was observed
Yield was "not" satisfactory (~¥1% emission per stopped p)
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More muoniums wanted

Muon should stop near surface (<0.1mm)

to come out!

Simulation with structured surface by M. Iwasaki
(Ultra Slow Muon Microscope Meeting, Sapporo,
2012)

How to make it?
lon beam, dust-gun, mold, push-pin, ...
Laser ablation was successfully applied.
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New measurement (S1249@TRIUMF 2013)

aerogel

vacuum
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(to be published in PETP soon!)



Muon source

Huge increase (x10) of Mu yield in measurement last October.

We now have about 10% of muons coming out in vacuum.

(from 23 MeV/c, op=2% )

Expected ultra-cold muon yield is only factors away from requirement.
(present estimate is 0.2 x 10°/s assuming other conditions are fulfilled)

=> Further optimization of target condition (density, hole size/pitch, ...)
(we initially tested only four samples)

is now feasible at J-PARC

=> Demonstration of ionization from silica aerogel
is planned at RIKEN-RAL.
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Mu lonization Laser

Remove e- for g-2 measurement (and acceleration)

with lasers Improved Coherent Lyman-a

T System Configuration
\/ 0 eV  OMEGA 1: High energy 212.556 nm source |
' Distributed Fiber amplifier

, All-solid-state |
, feedback laser |

| amplifier
355 nm : J\ ,
2P | -—> |
; 0.1 mJ .
| 1062.78 nm (a,/5) | |
' Av=1GHz Nonlinear <00 md !
. 2ns frequency conversion !
. £ /HCLBOHCLBO '
122.09 nm -5 o dof5 2405 T
(Lyman-a,) S | OMEGAZ: 820(64g nin source
< : ica 2 Diode : Diode
' gengrator and ap laser ' laser
1S 13.6 eV [ <= .
. ! 820.649 nm () !
I Av, =230 GHz |
Muonium 2| A
TN R Y P TR
Lo Lyman-a Shifter: Krypton gas cell |
'< Kr 4p55p !
o, L) Lyman-a
A AN )[ | N\ 3
M o [ oG- - Mu:122.09 nm
Kr 4p8 H: 121.57 nm
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Lyman-o laser progress

New Lyman-a laser developed by RIKEN laser group
for ultra-slow-muon-microscope project (USMM by Grant-in-Aid)
aimed for use of ultra-cold-muons for materials study

=> Laser intensity goal is 100 uJ (x100 improvement over record)

Lyman-a was introduced to the USMM beamline this year.
Laser tuning and calibration progressing

=> Good R&D for muon g-2/EDM laser

lonization test (with Mu source from hot-W) this autumn

guide laser
= 9
. - 50 s .-I__'_.__I _%_
laser system installed in J-PARC (for USMM) laser fluorescence in the source chamber
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Ultra-cold muon from silica aerogel

Muonium to ultra-cold muon beam by ionization and acceleration
So far all the ultra-cold muon beam at KEK and RIKEN-RAL Muon Facility
was based on Mu from hot-W (~2000K) and with static field (~10 keV).

Ultra-cold muon beam from silica-aerogel source need to be demonstrated.

Silica aerogel will be evaluated for
1) long term stability of Mu vyield
2) brittleness and vacuum /

Lltra-slow

3) electrical field stability muon *
(use of meshed metal container)

and also we try good things /
1) colder beam spread —
2) multiple-pass laser mirror | ntrece
3) other functions (spin control, ...)

A new Muon Source chamber will be constructed for evaluation study.
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FEZ N

Baseline for muon g-2 accelerator
5.6 keV

0.34 MeV 5.1 MeV 42.3 MeV 200 MeV
B=0.01 B=0.08 B=0.3 B=0.7 $=0.94
l Bunching Sectionl Low-f3 l Middle-3 l High-[3
) RFQ Interdigita-H CDS or DAW Disk loaded structure
He (324 MHz) (324 MHz) (1300MHz) (1300MHz2)
\ 7- " b - 4 w A = Ll ‘F:A
; B 1 . |

LA .
AN AT
»

A
Wy ™|

f|

A A

Initial acceleration simulation

-
-
It
)V
.

for ex. RFQ capture loss~30%, muon decay x 0.7
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Muon storage magnet and detector

Muon storage orbift —i=— il HI (1 |{Eee e §
=
e+ tracking
detector

Magnetic field: B=3T

local uniformity 1ppm ﬁ‘r-i U
+very weak magnetic focusing (n~10, 1ppm/cm) 75 _
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Beam Injection

Injection scheme

Spiral injection + weak magnetic kick (8 mr) to storage-orbit
injection through

Main coil

Design of injection-matching transport beamline.
Spiral injection test with mini-solenoid and electron gun soon

39



Muon storage magnet and field monitor
Good synergy with MUSEUM (P. Strasser, MuHFS talk)

in physics (4=p /u, needed for g-2)

ultra-precision magnet (3T vs 1.7 T)
shimming method of MuHFS magnet

01407/17 “E s -
} ~ /'

.,m .

MuHFS magnet 1.7T

and field measurement
monitoring system, NMR probe
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Detector

measure muon decay positron tracks with Silicon-strip detectors

forward/backward decay gives different positron momentum
beam test with test sensor

muon beam at J-PARC

Silicon strip sensor  and electron at Tohoku-U
in progress

200mm 14 mm

400 mim
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Collaboration

B > 98 members (...still evolving)
m > 21 Institutions

m Academy of Science, BNL, BINP, CRNS-APC, UC Riverside, Charles U., KEK,
Korea U, NIRS, UNM, Osaka U., PMCU, RCNP, STFC RAL, RIKEN, Rikkyo U.,
SUNYSB, CRC Tohoku, U. Tokyo, TITech, TRIUMF, U. Victoria

Mmhnru Acki®. Pasd Bakeln®, Barnd Baaslleck®™, Goorge HBoor™, Gory Hunos®T,

Abliy Dealipand?, Shnon Ehbdman®, Dainlae B, Flode®, bMiloalav Fliger®, M Fhiger Tr%,
Yuyn Fujiwara!™*, Yoshinori Fubme 'Y, Necives Homahimki™, Soilko Hirotn!™ Y, Hiromi lnnme!®,
Bnsanicd] Teogaml'™, Masaliiie Therse 'Y, Hatsahiko Blibde'T, Mo TwasakE' ", Ak Badosae'",
Takiys Fokurai®®, Takuys Kamiton®, Yikihide Komiva'?, Sohsato Kanda®®, Fredern Kopuasta®,
Maribom b Fawnmmirs 12 Tebeshi Foheiki!®, Sechic Koanmmiya!?, Faokn Ko 1 Viehitaks Ko,
Alfrodio Lucvlo!®, Ok Lochoy?, Mumoyoshl Maki™, Glen Macsthol™, piim Massusama ',
Yisuyuki Mutsuda®, Teijire Matsuzaki' 7, Teotoenon Mike!", Kstsepei Midorikown?, Satoshi Blilasra!?,
Yemuthiro Mivake™, Willlam 3, Morse?, Jioo Mureta®™ 9, Ryotanoe Muns™
Fanstadn Magsniing 1% Telsshi Maien™, Hissvishl Makspsms '™, Magnmi Menaki!®
Mokike Mo, Hejlome Msliguehi™, Daisake Mopnare", Hiroyukl Foammi "™, Towsoko Ohgasa’,
e o I.;m-u“'_ Kamuki, Oilahi®T, Kataunaba {EAe?, Masahivn Okamora, Art OlinS2 a0,
Phlline F. Saite®, Naohite Saios'" 1 Yiesabine Sakemi®, Kes-lehl Sasaki!?, Ospmna Sasakl™,
Akira Baro®, Aurore Savov-Momm®. Yanss B Somertadis’, Yorl Shotomort?

Kotchivo Shinmmra', Bors Shwaree®, Willrhd da Silva®®, Patclek Strassser 1Y, Banled Sugalom'",

Michinnkn Sumno'™, Kensioki Tanaka'™, Manobu Tanakn*, Nobihino Terumoms*®,
B istuabosan TI!*I:\FIII.\, Dinl Thnraome ", Fike Torikai ', Teshlyukl Timhitn! !, Akihiss Toypula D,
Ky Traknda'® Tomschiss Uchida'™, Kosukt Uenn?T, Viesww Veba!, Satoali Wadn®,
Akirn Yamamoen, Kaors "r';lhny.-lm [ 1] Yohowvama'", Makaan Tishldn'™, Mitanhim Yoshida ™,
Kol Ve s
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Muon g-2/EDM@J-PARC : Status

J-PARC PAC
Conceptual Design Report at J-PARC PAC (13 Jan 2012)
Stage 1 approval as E34 (21 Sep 2012)
Most recent PAC report highly recognized
our progress in muon source.

Collaboration Meeting held every half year.
9th C.M. will be in 6-8 Nov at KAIST in Daejon, Korea

Technical Design Report to be made this year
Expect to start running in 3~4 years (dep. on budget)

Several small grants obtained for development.
Overall budget is still a issue.
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Summary

New muon g-2/EDM measurement is under preparation at J-PARC.
Since last year, there has been significant progresses.

Muon Source (x 10 Mu emission)
Practical Mu ionization study will follow

New Lyman-o Laser progressing in collaboration with USMM group

Also progress in accelerator, storage magnet, injection, detection.
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Concept of new beamline
at RAL port-3
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RIKEN-RAL Muon Facility
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Motivation for new beamline

Hot tungsten > room-temp. target
~ 2100 K ~ 300 K

J . J

No radiating significant heat

~N

Optimal beamline design is
different
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Present beamline port-3

surface muon Hot tungsten
~ 27 MeV/e target (~2100K)

muonium (u+ e-) production

laser ionization-> ultra-slow muon production of
(T=25meV, size=20 mm®)

iRl — ,
1.53 initial acceleration (SOA)

acceleration : 10 ~ 30 keV

e avoid from heat radiation from W
e avoid BG from initial surface muon
« avoid from heat radiation from hot-W * PID (d, Li ... from W)

Electrostatic deflector

||+ spin rotation (90 degrees) of muon (for muSR) l

} i 48
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Concept of new beamline (1)

T 151 LY
| 3 initial acceleration (SOA)

2650

v’ No bending magnet (no heat radiation from hot-W)

v' Only rotational-symmetric electrostatic field
= Simple beam optics and efficient transport

49
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Concept of new beamline (2)

é ~ 27 MeV/c |
: 29380
<

| v thick for muon beam
Y N& |V thin for Mu extraction

v avoiding e* background
collimators
(lead wall)

v 45-degrees extraction of muonium
Vv’ Installation of collimators on beamline

= background reduction (due to limited area size)

Tm



Final design
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Main chamber / beamline design

-

(A) Minimum setup
= Only meshed electrodes and SOA lens
= Enough for R&D of laser ionization and mu+ extraction

= Beamline extension is possible for more study of sharpening

(B) Lya reflection mirrors
(C) Minimization of incident surface muon size

(D) I\/Iagnetic COIlS ( for control of spin and earth magnetism / fringing field )
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(A) Minimum setup
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Beam trajectories

calculated by CPO (Charged Particle Optics)

acceleration system Lead collimator
1) mesh ) SOA ~100 mm
electrodes )
lens
\ .
beam size Ef —
30 mm @ I ==  ———— = -

]
H ]

enough for stopping e*
from p* stop

~ 550 mm

for 300K (30 mm® beam) : 2.1 mm® @ FF

- for 2300K (30 mm® beam) : 5.6 mm® @ FF



T m

1

detector
(MCP)

|
F

Beamline chamber design
( Compact & Simple )

S )

55



Setup overview

/

ultra-slow
muon

SOA lens

aerogel
target

muon
in the case
of H-line

-




Background simulation

2 collimators
50 mm thick

50 mm thick /<D15mm

®30mm \

main chamber

degrader
Mylar 65 um

Beam counter f)\ 2 Solid angle for 400 MCP @ 550 mm = 4 msr
Scintillator 0.3 mm \ - , U, (~3.3 x 10
\t// ';__\_'aq--—-""f

N MCP
aerogel target $d40mm

/ o x4(§)mm 10mm thick
7 mm-thick
27 MeV/c pt beam

45 deg ree injection cf., ultra-slow muon : 900 / sec
~ 35/ pulse

half stop condition

e RAL surface muon : ~5 x 10% py* / pulse
=) - 3 counts / pulse (incident mu+)
=) - 0.5 counts / pulse (incident e+)




(B) Lya reflection mirrors

(w/ circularly polarized laser?)
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/

ultra-slow
muon

Setup overview

mirrore”

aerogel
target

reflectivity
~ 82 %(?)



(C) Minimization of incident
surface muon size
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Surface muon beam size at final focus

FWHM beam size by changing the Mylar
window position from -100 to -500 mm

—e— : x distribution

'c oo —e— .y distribution
é i :
LL 5 5 5 5
L 50l — — S —
@ 5 5 5
)
N without
E /1) EES— N N R Mylar
S : window
O |
O i | | 5 5
E 30 e ............................... ............................... .............................
g : : : : :
T _ _ _
| ] | | | | ] | ] | ] | | ] | ] | ] ] ‘ ] | ] |
2-ng0 -400 -300 -200 100 0
Mylar window z position [mm]

original position
(duct end)

920 2--1030

Plock 2=-700

duet z=-500

Main
chamber

z=-100

Surface muon beam

4000 [

3500 |-

beam duct

3000 [

2500 |-

2000 |-

1500 |-

1000

500

ss00 | w/0 window
14.-sim Duhjﬂ z=-100 mm
—w/ turtle £ z=-200 cm
iNou z=-300 cm
Joo}-|2=-500 cm
gy ]
PR
J R
e N

Il \\\:
20 40 60 80 100

:\ Lol L1 | Ll
00 "% 60 -40 20

original position

0

X [mm]

100-um-thick Mylar
window at “duct end”

N\

move to z=-100mm

target

Mylar position : -500 mm ->-100 mm
Beam size x(FWHM) : 53 mm -> 25 mm

Beam size y(FWHM) : 55 mm -> 31 mm



Setup overview

previous
window
position (W°

/

ultra-slow
muon

. mmy|ar\ 5
window .

aerogel
target




(D) Magnetic colls
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An idea of spin control at target

Gyromagnetic ratio

muon

Mu

x 10
~ 14 kHZ / GaUSS reduced mass : x 200 ~ 14 MHZ / Gauss

spin:1/2 -> 1

14 kHz / Gauss

slow uSR

(surface)
injection

-

1.4 MHz / Gauss
fast spin rotation

14 kHz / Gauss

slow uSR

stop & forming Mu

&

target material

64
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ionizatign
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Magnetic field coils (& MuSR counters)

surface mu
— | / : e T = {
{’V@ | |
O/ xO \ 4
wnet Lo
W | mé:@ |
~0.2 Gauss

Aim:
- Stabilize spin against earth & leakage magnetic field
» Measure the field at the sample directly
(Calibrate field sensor relative to center field)
«  Optimize muon stopping condition by MuSR
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Muonim spin control
at target
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An idea of spin control at target

Gyromagnetic ratio

muon

Mu

x 10
~ 14 kHZ / GaUSS reduced mass : x 200 ~ 14 MHZ / Gauss

spin:1/2 -> 1

14 kHz / Gauss

slow uSR

(surface)

injection

1.4 MHz / Gauss
fast spin rotation

14 kHz / Gauss

slow uSR

“ Mu (in vacuum) (Ultra-slow)

stop & forming Mu

target material

o7

diffusion process

lonization




Mu spin control

— Electromagnets — |(1) Duration of being Mu => Laser irradiation timing

Pulse magnet (2) Strength of a magnetic field applied

surface muon

earth magnetism

compensator
. y,

might be better to install those electromagnets
inside as much as possible.

Ultra-slow mu

Top view
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Mu spin control

32 0 ns optim!'ze_d condition of diffusion t/:m_e
Mu gyromagnetic ratio : 1.4 MHz / Gauss <> / to maximize the number of M emitting

- 480 ns

ro;tatiéng 60°

RAL double pulse 1 Mu

320 ns rczbtating 3¢
> P W‘

'
— — - H ke

N s
Q¢ > €

70 ns
< >

20 ms (50 Hz) Laser timing

Polarization -> [cos(15)+cos(-15)]/2 = cos(15) ~ 0.97
( for transversal polarization, just changing the sign of the magnet )
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lon source for beam tune

70



beam tune without muon beam

with laser without laser

lon source

laser ionization of
hydrogen and deuterium

NIM B 266 (2008) 335

The first laser is operating at 212.5 nm and is tuned to a two-photon

. L +
resonance in Kr, while the second laser operating in the range of 810 - Slnce we cannot use LI or D

850 nm provides the tuneability of the Lyman-a output and is designed dissociated by the hOt tungsten target
to have sufficient bandwidth to cover the Doppler width of muonium. ] ’
The wide tuneability of the output allows us to ionize under the same we need ion sources.

conditions not only muonium, but also hydrogen or deuterium. This . .

provides a useful tool for testing the whole apparatus without need for (JUSt a fllament for bU|b7)

the muon beam.
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of

0

400

00

0

6 -4

0

400

800

B00

100

b -4

€C

surface muon profile

_ port-3 beamline

on /-8 April, 201 |

O=I|.5cm

/3



Focusing with tapered capillary method

Conical tube of
gold-coated copper

e

Inlet :
40 mm

Beam density enhancement ~ 1.7

Densjty

enhanc

Material

Outlet

Initial muon beam momentum (MeV/c)

30 35 40 45 Average
Plates
Polished copper 20 mm 1.268(6)(63) 1.404(5)(70) 1.142(3)(57) 1.221(3)(61) 1.24(3)
Rough copper 20 mm 1.231(6)(62) 1.360(5)(68) 1.154(3)(58) 1.187(4)(59) 1.22(3)
10 mm 1.520(9)(152) 1.446(6)(145) 1.48(11)
Gold-coated copper 20 mm 1.364(6)(68) 1.481(6)(74) 1.209(3)(60) 1.282(4)(64) 1.32(3)
Glass 20 mm 1.137(5)(57) 1.223(4)(52) 1.046(3)(52) 1.110(4)(56) 1.13(3)
Initial beam intensity (muons/s) 20 mm 1.6 x 103 2.8 x 103 52 %107 5.8 x 103
Tubes
Conical glass 20 mm¢ 1.477(6)(103) 1.415(4)(99) 1.44(7)
10 mm¢ 1.508(10)(211) 1.586(6)(222) 1.55(15)
Trapezoid glass 10 mm square 1.542(9)(216) 1.336(5)(187) 1.42(14)
Trapezoid copper 10 mm square 1.825(10)(256) 1.652(5)(231) 1.73(17)

Initial beam intensity (muons/s)

10 mm square

6.0 x 107

1.4 x 10°
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