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Muor! Muaonium
production production
target target
e
Proton beam i-u collapse
3GeV %
%
%
2
p,on Surface muon

Lyman-cif & D RTE
KR =l oy i
e rmi, = mpm
° m,+m, ;
4 (e
E, =ﬂL(1_L)
24mg,h)* | n?
=10.198716 [eV]
=121.5698[nm)|
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Ultra-slow muon (~0.2 eV)
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355nm
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Mu —

afiion coherent
122nml(Lyman-a + 355 nm)
aMeV AE-600keV  1c_

5 i, m,=0.5109989 MeV/c*
S m,_ =938 2720813 MeV/c’
== m,, =105.65837 MeV/c?
_rmye’ ( _L) 2014 CODATA
2(4meh)*\ n?

Thermal muonium (Mu :,u+e-)

light

Resonant ionization
—avoid acceleration by optical field

=10.155157[eV]
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2 photon resonance four-wave-mixing in Kr gas

a8
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94092.86
Lz

82259.1
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47046.43/

[ Lya

4p(P%.)5p 4(142)

85846.70  4p'('P"..)587[3/2)
80916.77  4p*(P’,,)55 1/2]

w ;212,556 nm
wy ' 84502 nm (H)
ws ;820,65 nm (Mu)

wuy: 121.56 nm (H)
wu: 122.09 nm (Mu)

(.l.)Ly'=2(.l) =02

"MIST Atomic Spectra Databasa” Dec. 2013,

4s4p"'s,

Four-wave-mixing in Hg vapor

121.56nm

6'S

— 6'P

JkEnerg',r POIR ’
—12% Hg vapor cedl MgF  ans IR finer
t=15cm ! PO UY
75 L5 ] PMT
1 014“1‘116 P ﬁ L\:;\;:l:x
a;:i:l?mmrgnl Lyman-o

546 [gen SHGLBOI_‘E?"‘_"‘{ﬂnarLsserl
408nm [peoy sa-eemolm| TiSa Hm:wo4|

2340m fa50 | -sHe BEO)

HG LBO| 21300 e jaar

(3]]2 P'ZP Slnz(AkL?j‘Z)

1 %2

(AKL/2)?

1 w7 intensity

B ow intensity

Ak : phase matching
% : nonlinear susceptibility
L  :interaction length

Disadvantages

3 wavelength lasers
- complex laser system
- timing jitter
Handling of Hg vapor
- contamination of optics
- short interaction length

M. Scheid et. al. Opt. Exp. 17, 11274 (2009).

Two Ph g Conversion
Wedium Res:nan? tS‘::te Tuning Range Efficiency Feef:
Kr 4p-5p[1/2, 0] Lyman-all 5x 10 [1]
Kr 5p[5/2, 2] 129-181 nm [ N | 10°~10% | [2]
72.5-83.5nm 1.2x 105
Kr 5p[5/2, 2] Bo21-943nm ~ 105 [3]
Xe 5p-6p[1/2, 0] 1155 nm 2x10°% 4]
Xe 6p[3/2, 2] l1t626nm | 4x10% (5]
Xe 6p[5/2, 2] 154-223 nm [ N | ~2x10° [6]
Xe 7p[1/2, 0] 1259 nm
7p[3/2, 0] | 126.1 nm :| =10+ (7]
6p’ [3/2, 2] | 125.4 nm _
Xe 8p[1/2,0] | WMs1.7-86.6 nm ~10% 8]
L M S| ] L 1 I |
80 100 120 140 160 180
Wavelength (nm)

[1] J. P. Marangos et al, J. Opt Soc. Am. B 7, 1254 (1990).
[2] G. Hilber et al., J. Opt. Soc. Am. B 4, 1753 (1987).
[3] K. D. Bonin et al, J. Opt. Soc. Am. B 2, 527 (1985).

[4] H.R. Hutchinson et al., IEEE J. Quantum Electron. 19, 1823 (1983).

[5] J. Hager et al., Chem. Phys. Lett. 80, 472 (1982).

[6] R. Hilbig et al., IEEE J. Quantum Electron. 19, 194 (1983).
[7]1 Y. -M. Yiu et al, Opt. Lett. 7, 268 (1982).

[8] K. Miyazaki et al, Appl. Opt. 28, 699 (1989).



Four-Wave Mixing

Resonance Non Resonant Resonant + _Intermediate States )
Conversion EﬁiCiBnCY 106 103~ 104 ... concerned with the 4f, 5f, 6f,
Tunability Much Lower High and 9p states with J=0 and 2.
A
Two Photon  Excitation Energy Resonance). Relative Ar=15.8 eV
Resonance (cm) (nm) Intensity Kr = 14.0 eV
5p-6p' [3/2,2] 89162.9 224.3 40 | Kr4p'Spli2.0l A
6p’ [1/2,0] 89860.5 2226 187 J“‘“’e (=-820:65m)
7p[5/2,2] 883522 226.4 4 | e 4
7p[3/2,2] 88687.0 2255 9 4,

Xe 7p[1/2,0] 88842.8 225.1 26 A
8p[5/2,2] 922219 216.9 9 Wiy-a (122.09 nm)
8p[3/2.2] 923714 516.5 5 | @ei2eshm)
8p[1/2,2] 925557 216.1 119 Y

Kr 4p®
4p-5p [5/2, 2] 92308.2 216.7 167
Kr 5p[3/2,2] 93124.1 214.8 56
5p[1/2,0] _94093.7 212.6 1000 Micrsp 172, 0] > O Mxe ~
K. Miyazaki et al., Appl. Opt. 28, 699 (1989). Advantage of the use of KJ
2 Wallenstein et al. found that the
E o]

two-photon resonance 4p-5p
[1/2,0] is much more efficient for
resonant four-wave mixing.

+ Self-Focusing - Excited-State Absorption

+ lonization

J. Opt. Soc. Am. B 4, 1753 (1987).

. -
NAYAG lasr NGHYAG laser Laser maintenance
Poseeies 805 e 3025 - 4 flash lamp base pulse lasers
*532nm #Mhaznm 3 Tisasthive lif
SLMOPO + 2-pass 4pass 8500 MR RERANEIS"
Tisapphire amp. [*] Tisapphire [*] Tizsapphire [~ - 2 optical parametric oscillators P
Continuum Mirage 800 amplifier amplifier \
NA:YAG laser Wavelength conversion _
Continuum - . . -
k] - optical absorption in nonlinear crystal (BBO)
p .
PR O S Optical Synchronous
Cantinuum Mirage 3000 815-855nm . . "
- timing jitter between laser synchronous
Nd:YAG la . .
e . signal and actual optical pulse outputs
: Powerlite 9025 355 nm
. Air-conditioned laser cabin, 7% b
sk i BT, SR 1

355nm | oA
¥
J § gas cell

Pulse energy instability

UHV
310% hPa
Mu
w,: 24 mJ@6 ns
Tuneable | atoms ' * W ~1pd
vuv w,: 24 mJ@6 ns e aiaks

116-123nm conv. eff. : 103

RIKEN-RAL Port 3 Experimental area ,,v P. Bakule et al. Nucl. Instr. and Meth.

in Phys. Res. B 266 335 (2008).
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Distributed Yb fiber amplifier ~ All-solid-state amplifier (Nd:YGAG, Mag. ~10 )
|

feedback laser
""" '!ii m) Regen. amp.‘ Intermid. arni
1062.78 nm 50nJ@100kHz ~2 mJ@25Hz ~100 mJ

Av =1GHz ~2Nns

Nonlinear frequency conversion
Coherent Lyman-a

High efficiency Ultra slow muon
4thHG 5thHG Lyman-a generation  generation
_ in Krypton gas cell ;

212.556nm = 4p°5p l
1 |

AN

Tunable Ti:S
laser

820.780 nm

ssap B3R pd~submd

oHigh stability in frequency and energy — DFB laser + All-solid state laser
oEfficient light amplification of 1062.78 nm — developing a new laser gain media
oAll-solid state 212.556 nm light generation — UV proof nonlinear crysta[s

olntense Lyman-alpha coherent light generation — optimization of phase match

IE<ER LTV Nd:YAG T*li+ﬁﬁ$ﬂf%bﬂﬂﬂﬁmﬁm L

1064 nm /5 = 212.8 nm + off resonance of Kr

1062.78 nm /5 = 212.556 nm < on resonance of Kr

1062.780nm— | +1064nm

1.0

o
(o)) oe]
T T

Normalized intensity
o
a
I

o
N

I
Vel

il v
1045 1055 1065 1075 1085
Wavelength (nm)
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Nd:YGAG (Nd:Y3GazAlzO12)
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B.V¥valsh et al. |OSA B. 15.2794 (1998).

* Nd dope : 1.0 at%
* Crystal size : 4x4 10t (YSAG and YGAG)
* Cavity length : 220 cm

* End mirror : ROC=1500 mm
* Pump LD : Fiber delivered 808 nm qcw 25Hz 200usec

o =+ = =

. = = =

3.

Nd ZOYSAG (Nd:Y3Sc2Alz012)
|

19 2
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g
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I ! T '
4 4
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----- lat. % Nd:YAG

IF lat. % Nd:YSAG
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Res. =0. 15nm

. h i "
[
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Stimulated Emission Cross Section (10

106

1065 1070 1075 1080
Wavelength (nm)

Y. Sato et al. Opt. Mat. 29. 1277 (2007).

Emission Cross section
@1062.78 nm[10-13cm?2]

Nd:YAG 0.3
Nd:YSAG 0.8
Nd:YGAG 1.1

......

--------




Nd:YSAG single crystal
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Wavelength [nm]

Output wavelength : 1060.395 nm
Maximum energy : 1.35 mJ

Output wavelength : 1063.125
Maximum energy : 2.4 mJ

Nd:YSAG

Nd:YGAG

2.5 2000

20 1600
-
g 7
5 15 1200°5
2 =
v [
B Al 800 &y
8 -« o

0.50 400

>
0.0 0
10 15 20 25 40 45 50

Pump &veve

Output wavelength : 1062.78 nm

Maximum energy : 1.1 mJ@45 mJ pump

Output wavelength : 1062.78 nm
Maximum energy : 2.4 mJ@25 mJ pump
(limited by parasitic osc.)



PD voltage [V]

-2 107 0 4107
Time [sec.]
Nd:YSAG Nd:YGAG
Seed energy 50 nJ 50 nJ
Pump energy 45 md 25 mJ
Round trip time 450 nsec. (32 rt) 280 nsec. (20 rt)
Maximum output 1.1 md 2.4 mJ

Yu Oishi et. al., JPS CP. 2, 010105, (2014)
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ouble-pass + single-pass aplifiers

QWP [ . |awP
PBS [ 1:}—”—'
Seed pulse :2md, 2.6 ns, 1062.78 nm 4 /, | V¥
Beam diameter . 91.8~2.2 mm f=1.5m]
Gain medium : Nd 1at.% YGAG ceramic “||>
Pump wavelength : 808 nm y “U” T—Nd:YGAG ceramic
; o4 mm 80 mmL
Maximum pump power : 2.5J/module
QWP
HR
50 : : : e 2 120
——Single-pass >100 mJ @1062.78 nm
—=—Double-pass 100 - |
g £ w0l
= =
g ” g
2 d ¢ g 60
@ T ]
2 £ 40 -
o o
20
1 1 0 ! | i :
000 200 400 600 800 100 40.0 50.0 60.0 70.0 80.0
LD current [A] LD Current [A]

M2<1.3 T100 mJ ZiBZ B /INNILAZELE

. power amplifier ¢
- wavelength
~_converter




NCPM LBO CLBO
15x%15%20L 30 mJ 15x15x15L
@532 nm

—>
100 mJ

@1062.78 nm

8.7 mJ
@266 nm

30md CLBO
to omega2 OPG/OPA 15x15x15L

> 3 mJ pulse energy

beam diameter ; ~6 mm was achieved

(collimated beam)

LE

Output

Efficiency
—~
40 mJ@1062 nm
100 mJ@1062 nm 50 mJ@532 nm 60%
40mJ@1062nm | 40mJ@1062nm | 599
30mJ@532 nm | 87 mJ@266 nm 2
40 mJ@1062 nm
8.7 mJ @266 nm SR IROELam 36%

High conversion efficiency was demonstrated using CLBO crystals

for
eneration

Amplifier
and
+ LBO crystal




w kR 2 i

532 nm, 20 mJ,
2 ns, 25Hz ¢

Tunable Ti:S laser

e

Phase match temp. 127.4°C

50ns, 10ud, 250Hz

NCPM LBO x 2

) oumacane

Nd-YLF-SHG Laser q:‘ﬂ 7
4

Wavelength 1

\ / =] RF Amp /
/ Acousto-optic tunable filter Software and Synthesizer
Board in PC

% Advantages

® Dual-wavelength oscillation

® Rapid and random wavelength tuning
® Power control by PC

® Wide tunability

ident beam

Radic Frequency

avelengin GoRs
L= OPG and_Q

5x5x20 mm , B=90°, (p=0°

OPA output energy(mJ

0.16
0.14
0.12
0.1

0.08
0.06
0.04
0.02

Conversion efficiency

)




MgF2z window

212 nm pulse
—_—s

\

~10 GW/cm?

Kr (EEEJOPa) é’lN photo diode

plasma LiF window
b

1062.85 1.8
I
) 11.6
1062.8 toptimal wavelength:
E 1062.788 nm 2
= B 1.4 2
= 5 —
=} o
. §1062.?5:’ 5
) wm
2 12 0
] o
= |
1062.7 |
; 1
1062.65 | - —— 0.8
23.0 23.5 24.0 245 25.0

LD Temp. setpoint
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0] 2 Omega 1 Omega 1

mega

820 i l 212,556 nm fmegﬂ 2

845 nm 0.8mJ LiF 8° wedged yman-a

: ge :

Toid window <59 y
Spherical lens metal enhanced mirror
f=1500 mm /MgF2 window R=80%@122 nm

Pl s '
2 H
\— U Gas cell
T Sodium salicylate plate 7~
Kr/Ar gas .
Spherical Tens metal enhanced mirror |
=800 mm 355 nm R=80% ;
~280 mJ !
—

sodium salicylate

Surface muon

Hot W

Ultra-slow muon




IN o et e
SXUV 300 (Opto diode Corp. )
+ Lyman bandpass filter (Acton research)
S2J¢MHE 122 mm x 16 mm

IDEEE : 15~20 ns

RIE (NISTRIERHEFHEBERER)

Calibrated power meter :
OPHIR PE-50C-DIF

pulse wavelength :
266 nm

measurement energy range :
2.6 pd~55 puJ

S Y Vot OES A R EKRE
5 S s S

KrAr=1:3
: for hydrogen Ly-a (w2:845 nm)
=5 4r : :
% v TNy
el . o
e
5 .
B T
[ ]
o
o | I =it e )
0 1000 2000 3000 4000

Gas Pressure [Pa]

FIRTRE/SILATRILE— 3.7 pd
HAEIBHEIRILF— :8.4pd
ZHAMEE : 3.6x10-3 (conventional : 10%)

Flush lamp

R T%

Lyman-a
NILAZRILF—

{0 &l Y ; wl:24 mJ 1 ud
M -5
(EFFRAL) WOmeae | wpreamy | wmmieEes 2x10
Jitter rich
All-solid-stat
AR Ouasi-si:l Iem:de l s fem S ) 43x103
(J-PARC) o w215 ml |withlowfuctiation| T
Jitter free _ =
plgse_ energy \évill
ili e Increase
Enhancement Lengierystabiity soon by ~10 times >102

Maintenance free installing of
power amplifier
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0.08 — - 0.04

JC)L A LRI E
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*¥ORa—7 - 1.7 ns g
' 74 ROZH X (20GHz) 9 002 o o0
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[ 453 i g 7 SHGH 1
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b ® g 0 (ARLIT) S Time ns]
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~, {Eﬁk B

®,: 24 mJ@6 ns
w,: 24 mJ@6 ns

w,: 0.8 mJ@<1 ns
w,: 1.5 mJ@<1 ns

f=500mm gi f=1500mm
DUV RYAILLYXTEN % L‘EE szz'@%?ﬁ HEERRIEUE
W, ~1 w,: 8l
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mega 2 mega b = o 40 o = ot |
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Oriada 0 — 7 Reaccelaration of
meg . i USM and transportation
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355 nm for beam profile observati

Bkl ——HHhE
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2 mm
B —
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ZRE—LT707 7100
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T4 X VasEE : 4ud
355 nms&EfE : 280 mJ

MuiZ#y
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B : 2000K
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Distributed Yb fiber amplifier

feedback laser

All-solid-state amplifier (Nd:YGAG, Mag. ~1

* 1062.78 nm
A

v=1GHz

50nJ@100kHz

Final amp.

Regen. ampl Intermid. am

~2 mJ@25Hz ~100 mJ

~1J

(LT

Nonlinear frequency conversion

Coherent Lyman-a

High efficiency Ultra slow muon
2ndHG 4thHG 5thHG Lyman-a generation = generation
100 mJ in Krypton gas cell = >
| 4p°5p
Tunable Ti:S OPA &l
jaser 820.780 nm




-\7—=7>70EM (100 mJ = ~1J)

01, W2OEREHOREL (REfREORN) R[] BRTL Y
SAM, ARBAL. AREOBEC &3 RBEMIREARE ORR

- SaAZTLORE - 1A LHEOBEL

sin’(AkL/2)

AFRE—LRF: ~;a8mm (~2 7 times ofllnterrnedlate amp.)




