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N /A229(Th-229) 71 V< —

B RUVFEREA: ~103 sec
B £ COEFZOPTHRBIEWVTIRILF—DRIRSEN : ~8 eV
> BZEER4: (VUV) 9815
B BN BICES
O & FixBFET

T ~ 103 s (isomeric state)

Feedback 229mTh

+3/2,~8 eV
> 22%Th
+5/2,0 eV
Laser Detector
()\ ~ 148 nm) Th-229 Precision
. ° 1 1 . -19
J Doped in 4, %gpﬁiggf aE/i.! Ifl’gygc.lg(—:‘e\/ﬁl—:‘%(.:ll%l 0'23%23% >(<2%2qt).
Frequency standard Crystal . Th-229 nuclear clock (Predicted)

or : 1.5%x10-19
Ion trap E. Peik et al., Quantum Sci. Technol. 6, 034002 (2021).

O YEEZDIEREDMHEER
O FYIEDORR

| Expected new physics exploration using the Th-229 isomer
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R. Elwell et al., Phys. Rev. Lett. 133, 013201 (2024). Emission

2024 JILA 300 kHz
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\ R o T e
L/ |

T. Hiraki et al., Nature Communications 15,
5536 (2024).
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L —5 —HFEBIE

B VUVL—Y — DR (SR
O BR(CRIREN D 22 T [ HFEA ] “ NN
O 148 nmAIDEBSIL —F—REGRMR 7 XD ATRALEIERES

B )ULRAIFRILF— - BRIBEERSND 71 YN—
O 1/ ULRBREI CTERKRSND 71 YN —%K

(JULZAITFILF—: 102 yJ, #Ri&E: 10 MHz) > fEERB D HOERIN
7.5%x105 [/pulse] (1 pulse = 0.1 s) O] e ARIE
O @AEDDIEEER(CH VN THREEXRZ VO TER SN
AN —2
1.6x105 [/set] (1 set = 6005s) |Mntensity

> B UiRihds TR PIRE

Laser linewidth
~10 MHz

No external field ~ crystal field gradient | Available light

e m, = £3/2 | for excitation
I, = 3/2 ——— I 243 MHz | i
m, = il/z Frequency for excitation Frequency
2020407 GHz VUV/ULX L —H5 —HFEBIZ
m, =+5/2 | B JULRXITR)LF—  0O(100) [pI]
ly=5/2 — sl (20N | W ARIE 0(10) [MHz]
e m9:;1/2 B OER ~148 [nm]

159 MHz
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L —H —2 X7 LADOHIHESX

749 nm 749 nm 249 nm
CW laser | Master epl  THG system
(seed) —p] Oscillator (BBO crystal)
532 nm
pulse laser f== 10 Hz
(pump)
786 nm —p 786 nm
CW laser |jrm—p Master
(seed) oscillator
B FROR—FK b
OYASY—A L —5F— > 5 (CEREA

O SEL3EFKRFELE(THG) = X7 A
O WSRO ES> AT A
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*BBO: Barium Borate (BaB,0,)

148 nm
Four-wave
mixing system

\

Th target and
de-excitation
light detector

uVv:
249 nm
2 ml

uvVv:
249 nm

—— 9.933 eV

| IR: 6 m.

786 nm

VUV:

148 nm 1 W

——— 0 €/
5p® 1S,




NAT—=A> L —5 —

m)ULRAL—Y—-DEkGE - 12> 023> —5—

Pump light for
population inversion

Output
e .
Ti:S crystal

Seed light for

Stimulated Emission . B 2 EEAFHFE
< =7 (Ti Q) $EE -ﬁ O 786 nm
B FY> B T7A77 (Ti:S) #&éa 2 0 749 nm

sand( /)

G 6

T7=230 pus

Pump with
532 nm

660~1100 nm

T=0.1 ps

[ER 372 ZE R

> — R THEERE
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=L —4—1%8eiH

.5 Agilent Technologies THU SEP 05 17:01:20 2024 9

g soor/ @ ] ] # 2088y 20008/ Tiigd § [@ 146V

Target: 6 mJ

—8— UV-TIiiS (749 nm)
—&— [R-Ti:S (786 nm)

Output pulse energy [mJ]

N

FrAN2AZa-

[1]8

®/o ‘-ﬁ'q‘t i 1| BWﬂﬂE | D‘Y'T‘J ‘ R I 3'51.:7 ‘

35 40 45

50

55 60

Pump energy [mJ]]
B Finesse ~16: (REIZXK - JBBEIRMNSOTEIEE—E) > 7S5A A2 RhEIF

nW_Av

HiRZZD D HEEE Finesse = —
1—-+vVR Avy

|SHEAIRAS L —5—DEFENTT |

2025/02/16 ICEPP Symposium

R: total refrectance of optics

B HREBERZRAA—T LTIV >=iER m B/ ULATRILF—(Seed: 5.5 mW)
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AVIWZR S

m YLDV —: ~2.4ns
>/ UL SR U TR/ NS < ZE

Agilent Technologies THU OCT 17 09:47:22 2024
I] ‘5.00V/ E 500%/ l 109/ l 20%/ v 110.0e 200.08/ Trigd # 1.46Y
Yellow: IR(786 nm) pulse signal
Green: IR(749 nm) pulse signal
Red: UV(249 nm) pulse signal

FEFHE(1 £22 £): 4ns
)L AE(T): 42ns
IE)CL ZWE(2): 4ns

Fer)dAZa—
gs J@m“—y“m] BW IR J TrA J = ] Jo—=7 ]
DC 50 Ohm | | | ~

O /86 nm
JULAIRILF—
AV

|\/|2

RIS

749 nm
JOULRITHR)ILF—
AV

|\/|2

RIS

249 nm
JOULATITHR)ILF—

6 mJj
40 ns
1.10
18 MHz

6 mJ
30 ns
1.11
15 MHz

2 mJ

*M2: Difference from an ideal single-mode laser (Closer to 1 is better)

VUV/ ULRERR(CHERIR - UV ULZOBRENTT |
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VUV/VULRATITR)LF—

B VUV/ULRITRILF—ZPDTRE L. ASOXD—TTHEER

IR power dependence

VUV intensity (mV)

UV: 1.3 mJ
240 ———T T .
220 E200 MV > ~0.5 ] e
180 £ . - Jm PDOZERENSASOTHEE UL
160 £ . 4 EEzIxF—-CRE
140 £ > = o )
120 = . = ® VUV/ULAXTHRI)ILF+—:
100 &= . =4 10 mV(@oscilloscope) ~ 25 nJ
80 £ . E

gg = ) —m IR5.5mJ, UV 1.3 mJ

e 1 > VUVO0.5]

0:¢'||| Ll | A TR R

0 1 2 3 4 5 6

IR intensity (mJ

o

]

ZVUV/ UL TRILF— %2R |
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B Th-229% R—TJ UJz CaF2icVUV/ULRA L —S—ZBRBE L. FRmiexzaEiil
B L —Y—-60EREt, MRHBKRI3600WTlty MAIE

O RAFE(C K DR EURIFER

| h_signal_diff |

1800
1600

2 B E
T 1400 PR i
% 1200 j—“ =
< S ) E
1000 i 3
S 800 Wy 5
3 - =
O 600 [t Mg | | | | 3
40O [ g

200 Eoe- —
o *

:I 1 1 1 I |

B> L —Y —hiEcskIh

0 500 1000 1500 2000 2500 3000 3500

Time][s]

A EC SE BT EZ~ 600 TRER LU C UL\ <tk F 2

O CNFE TORRhECENARER

|||||||||||||||||||||||||||||||||||

(o}

o

\|||||
—_—

s
o

R " SE—
[ —

VUV signal (counts / 20 s)

20 £
1y S VU it s irs
E [T TR N AN N N [ T TR N R + e ey ey f || +|H|+ IE
T 20 E
_-é 0 .#. ++_ :I..i.‘l-%*tﬂ-# 'H‘.I:t ﬁ#ﬂ*_ﬂﬂ; ;“‘.F*: +;H’H-++H 'F'_F'.:,_*ﬂ,l..ﬂ‘hi ‘F|.+:"J'+t +++J'fl'+ ';+l:|f-|'+\%
o 20 = | =
n

200 400 600 800 1000 1200 1400 1600
Elapsed time after beam off (s)

o

T. Hiraki et al., Nature Communications 15, 5536 (2024).
T2 = 447 * 16(stat.) £ 27(syst.) s

77 AV —(SHREIEXERZ R VN TERK

B 1 —)l RIEBEBEDATEZER ELEE U THREL(CKEN

| TEREDEREDT A VY —DERMICHKI |
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Development of Seed Light for 749 nm

B External Cavity Diode Laser (ECDL)
B Wavelength tuning: £0.08 nm
B Converted to UV range

(third-harmonic) £0.24 nm - Optimized for VUV intensity

—— spec 750 nm(rough)
—— spec 745 nm(rough)
a4 —® data

01— —e o
T T T T T T T
25 50 75 100 125 150 175

current (ma)

B Comparison of output with LD
catalog values

B Consistent in both oscillation
threshold and power

Development of a 749 nm ECDL with Frequency Tunability
within the Target Range
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Frequency Stabilization of Seed Light

B Frequency Locking System

Frequency difference

Locked at 381.50600 THz

||||II|III

Current Frequency - Target Frequency / MHz

-2~ +0.5 MHz

Developed a control R S S R NP T
system to stabilize ) g
seed light ata set  416.30 18 h £10:30

frequency

Stabilized with an accuracy of £0.5 MHz
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Stabilization of Cavity

WM Stabilize the output by adjusting the cavity length

Lock-i Agilent Technologies FRI MAY 24 0953:25 2024
oC _ !n 0 2007/ B 2000/ @ 500/ [ 100w/ % 1876¢ 50002/ Trigd £ 491V
amplifier |

Error signal

Pl
controller

PD |
? Feedback ‘l' ffffffffffffffffffffffffffffffffffffffffffffffff L ommome
} IEJCJL ZIE(L )| 209 5ms

IE /UL ZIR(2)9.5ms
PZT

mirror

PZT driver }&=

.. H Frep)2ATa—
TLS Modulation ?ﬁﬁ J@m“—rvx BWHIFR ] TEA ] R J Jo-7
oscillator oc Joom 2 J >

B Differentiated Signal of the Fringe Waveform
- The sign is reversed on either side of the fringe peak
m Using PI control, the PZT voltage is adjusted to the peak position,
stabilizing the resonator
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UV Pulse Generation

B Third-harmonic generation (THG) from 749 nm to 249 nm
B UV pulse energy simulation

BBO type-| Double wavelength BBO type-|

T 6 mm x 2 N2 6mm X2
749 U ]
D40=1.0mm 375 () s 4
6 m) & l 3.7m) Sa9 @ 2.75ml
v 2.3 mJ

B System construction with four BBO crystals

ooty
=

UV pulse energy: ~2 mJ] = consistent with simulation

—
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VUV Generation System

B Xe Chamber for four-wave mixing
O IR and UV pulses co-axially overlapped and injected
O VUV pulses generated co-axially with IR and UV pulses
O Xe pressure controlled between 100-2000 Pa
O Recent Xe pressure: 100 Pa

To

To Xe cylinder,
To vacuum pump f Vacuum
vacuum gauge

for Xe Gauge

MgF,
Wilglelo) Wir, Wyy, Wyyy

L

Tb li“sogla‘tion chamber

Focal point

(Incident
%fﬁ;gzw light focused

by a lens)

Optimize VUV Output by Controlling Xe Pressure |
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Detector

B Target
Th-229 density: ~4x1018 /cm?3
Producted by TU Wien

TECHNISCHE _
UNIVERSITAT -

== Concave WIEN '. ‘

Mirror
[ [ Sy

— = S

~1X1X1 mm

B Wavelength selection
using a dichroic
mirror

VUV laser

The detector used is the same as in Okayama
University's spectroscopic experiments
offering a high background event rejection
rate (e.g., scintillation light from the crystal)
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Crystal field splitting

o -
o o
T

o
@

o
o

Nomalized count rate (a.u.)
o
=

[=]

Fraquency = 2,020,407 000 (MHz)

+3/2

| l

d

275 300 325 350 375 400 425 450 475 500 525 S50 575 600 625 650 675 700 =372 : T Y

+1/2

— D —
—

‘i
\

\\/ ERERP

o

+3/2
+1/2

Vi, (MH2)

2,020,407,283.847(4)
2,020,407,298.727(4)
2,020,407,446.895(4)
2,020,407,530.918(4)

1/2 3/2 2,020,407,693.98(2)

283,48 283.84 284,20 29837 20873 290.09 446,53 446.80 44725 530.55 530.91
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531.27 693.62 6093.08 B694.34

C.Zhang et al., Nature 633, 63 (2024).
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