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Sources for shift Uncertainty
BBR static 1.8 4 o - 4 A
BBR dynamic 3.7 NIZDKD 5 ZICRERT 5
Density shift 0.6 N
Lattice Stark 37[¢ INEDNS 1 X RCHY. Yy
Probe beam a.c. Stark 1.3 R
First-order Zeeman 1.1 BEF DIRFIFETIEET
Second-order Zeeman EFEZLE SR
Residual lattice vector shift
Line pulling and tunnelli
d.c. Stark 2.1
Background gas collisions 0.6
AOM phase chirp 04 X T =
Second-order Doppler <0.1 R BZESIE. &
Servo error 0.6 ~ w L
KDY=V RMRICEK DM
Totals 6.4 _
2 10)-7% - i Y

B. J. Bloom et al., Nature 506 71 (2014)
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1 National Institute of 1 8
IA NISI' 05 Daparmen of Commercs VIIA
1 S1,2 FREQUENTLY USED FUNDAMENTAL PHYSICAL CONSTANTS § Physical Measurement Laboratory www.pml.nist.gov 2 180
1 second =9 192 631 770 periods of radiation corresponding to the .
transition between the two hyperfine levels of the ground state of **Cs Standard Reference Data www.nist.gov/srd He
Al Hvdrogen » § For the most accurate .
Y g* speed of light in vacuum @ 299 792458 m's (exact) values of these and Helium
1.008 —34 4.002602
e 2 Planck constant h 6.626 070 x 10 °>*J s (h = hi2m) other constants, visit 13 14 15 16 17 12
13.5084 1A elementary charge e 1602177 x10°°C pml.nist gov/constants HIA IVA VA VIA VIIA | 245874
2 1 electron mass m, 9.109 384 x 10"k ° :
3 S1/2 4 SO © 2 ¢ 5 2F)1/2 6 3P0 7 43:;J/Z 8 3PZ 9 2Pgl2 10 1SO
Ll Be proton mass my 1.672622 x 10% kg Ny B C N O F Ne
2 Lithium Beryllium fine-structure constant a 1/137.035 999 Liquids Boron Carbon Nitrogen Oxygen Fluorine Neon
6.?4* 9.012218;31 Rydberg constant R, 10973 731.569 m™" Gases 10.81* 12.011* 14.007* 15.999* 18.99840316*  20.1797
15°2s 15°2s R..C 3.289 841 960 x 10" Hz Artificiall 1s°2s%2p 15%2s%2p 1s%2s%2p° 1s%2s%2p* 15°25%2p° 15%25%2p°
5.3917 9.3227 R_hc 13.605 693 eV o y 8.2980 11.2603 14.5341 13.6181 17.4228 21.5645
11 °s, 12 s, electron volt eV 1,602 177 x 107 J repared 13 *r;, 14, 15 785,116 °FIA7 P35, 18 s,
h/] Boltzmann constant k 1.380 65 x 10 2 J K .
a g -1 -1 SI P S
) C molar gas constant R 8.3145Jmol K
3 Sodium Magnesium Aluminum Silicon Phosphorus Sulfur Chlorine Argon
22.98976928 24.3052* 3 4 5 6 7 8 9 10 4] 12 26.98152385 28.0?5* 30.97376199*  32.06* 35.45* 39.948
Ne]3s [Ne]3s N N 2 23p° 23p* 23p° 23p°
st ez B IVB VB VIB  VIB | vl 1B B 'Sosss | o517 o4ser 103600 | 42676 | 167596
19 %, 20 's, 21 °p,, 22 °, 23 *r,, 24 's, 25 °s,, 26 °pD, 27 ‘r, 28 °F, 29 °s,, 30 's, 31 °P;, 32 °p, 33 ‘s, 34 °P, 35 Py, 36 'S,
3 C S Ti vV C M F C Ni V4
3 a C i r n e o i u n Ga Ge Se Br | Kr
qh, 4 Potassium Calcium Scandium Titanium Vanadium Chromium ~ Manganese Iron Cobalt Nickel Copper Zinc Gallium Germanium Arsenic Selenium Bromine Krypton
o 39.0983 40.07? 44.955908 47.867 50.9415 51.9961 54.938044 55.845 58.933194 58.6934 63.546 65.38 69.723 72.630 74.921595 78.971 79.904* 83.798
[Ar]4s [Ar]4s [A3das’  [Arf3d’as’  [Ar3d’4s’ | [Ar3d’4s  [A3d%4s’ | [A3d®as®  [An3d’4s’ | [AM3d%4s’ | [AM3d"%4s  [Ar3d%s?  [Ar3d%s%p  [Ar3d'%4s%4p® [Ar3d"%as%p’ [An3d"%s%p® (A8 4s%ap’ [[Arj3d %asap®
4.3407 6.1132 6.5615 6.8281 6.7462 6.7665 7.4340 7.9025 7.8810 7.6399 7.7264 9.3942 5.9993 7.8994 9.7886 9.7524 11.8138 13.9996
37 ,38 's, 39 », 40 °F, 41 ‘D, 42 s, [4305s)) 44 °F, 45 ‘r,, 46 's, 47 s, 48 's, 49 r:, 50 P, 51 ‘s:, 52 °p, 53 %5, 54 s,
: St Y Zr Nb Mo Tc¢c Ru Rh Pd Ag Cd In Sn Sb Te I @ Xe
Rubidium Strontium Yitrium Zirconium Niobium  Molybdenum | Technetium = Ruthenium Rhodium Palladium Silver Cadmium Indium Tin Antimony Tellurium lodine Xenon
85.4678 87.622 88.9058;1 91.22242 92.90(337 95.95 (98) 101.07 102.90550 106.42 107.8682 112.414 114.818 118.710 121.760 127.60 126.90447 131.293
[Kr]5s [Kr]5s [Kr4d5s [Krl4d?5s [Krl4d*5s [Kr4d®5s | [Kr]4d’5s> [Krj4d5s [Kr]4d%5s [Krj4d™ [Krj4d™®5s | [Krdd"%5s% | [Krldd""5s%5p  [Krldd'"5s%5p? [Krldd'5s%5p° [Kr]4d'%5s%5p* [Krlad'*5s%5p° [Krjdd ' 5s’5p°
41771 5.6949 6.2173 6.6339 6.7589 7.0924 7.1194 7.3605 7.4589 8.3369 7.5762 8.9938 5.7864 7.3439 8.6084 9.0097 10.4513 12.1298
55 5, 56 s, 72 ;‘FZ 73 ‘r, 74 °p, 75 %S, 76 °, 77 ‘r,, 78 °p, 79 ‘s, [BOMNSY 81 *r:, 82 °p, 83 ‘s:, 84 °p, 85 ’r:, 86 'S,
L]
Cs Ba Hf Ta W Re Os Ir Pt Au [Hg TI Pb Bi Po At |Rn
6 Cesium Barium Hafnium Tantalum Tungsten Rhenium Osmium Iridium Platinum Gold Mercury Thallium Lead Bismuth Polonium Astatine Radon
132.9054520* 137.3227 173.4% , 180.1944723382 181:3.84‘2 ) 18615‘.‘2057 ) 198'2% , 192“.‘2177 ) 1951.4084; 196.%?65169 20?i5912 ] 204.38* 207.2 208.98040 (209) (210) (222)
[Xe]6s [Xe]6s [Xeldf"*5d%6s” [Xelaf'*5d°6s? [XeJ4f"5d*6s? [Xel4f"*5d%6s? [Xel4f 5d°6s” [Xelaf'*5d 65 [Xel4f'*5d%s [Xe]4f *5d'%6s [Xel4f' 5d ' 6s [Hgl6p [Hgl6p® [Hgi6p° [Hgep’ [Hglep® [Hg16p°
3.8939 5.2117 6.8251 7.5496 7.8640 7.8335 8.4382 8.9670 8.9588 9.2256 10.4375 6.1083 7.4167 7.2855 8.414 9.3175 10.7485
87 s, 88 s, 104 °r, 105 °F,, 10§ , 107 ,,108 , 109 110 111 112 113 114 115 116 117 118
Fr Ra Rf Db g Bh Hs Mt Ds Rg Cnh Nh FI Mc Lv Ts O
7 Francium Radium Rutherfordium ~ Dubnium  Seaborgium ~ Bohrium Hassium Meitnerium ~ Darmstadtium Roentgenium Copernicium ~ Nihonium Flerovium  Moscovium  Livermorium Tennessine Oganesgson
(223) (226)2 (237) (268) (21741 ) (270) (269) (278) (281) (282) (285) (286) (289) (289) (293) (294) (294)
[Rn]7s [Rn]7s [Rn]5f'*6d%7s? [R5t *6d°7s> [Rnl5f'6d*7s? [Rn]5f"*6d°7s? [Rn]5f *6d°7s?
4.0727 5.2784 6.01 6.8 7.8 7.7 7.6
— — W W
,Gﬁ?nnggr Grotge_esltate o 57 2D3/2 58 1GZ 59 4I;/2 60 SI4 61 6H;/2 62 7Fo 63 88;)/2 64 ng 65 6H‘;5/2 66 518 67 4I?5/2 68 3H6 69 2F<7)/2 70 1So 71 2D3/2
N \ =}
53 s et la Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
Symbol 4 < Lanthanum Cerium  Praseodymium Neodymium | Promethium  Samarium Europium  Gadolinium Terbium Dysprosium Holmium Erbium Thulium Ytterbium Lutetium
~_ % 138.90547 140.116 140.90766 144.242 (145) 150.36 151.964 157.25 158.92535 162.500 164.93033 167.259 168.93422 173.045 174.9668
Ce 4 [Xel5d6s? | [Xel4fsdbs’  [Xel4f’ss® | [Xel4f'6s® | [XeldFBs® | [Xel4f'6s® | [Xeldf'Bs® | [Xeldf'5d6s’  [Xelafs® | [Xeldf''6s’ | [Xel4f '6s’ | [Xeldf'’6s’ | [Xeldf'6s? | [Xel4f'*6s® | [Xel4f'“5d6s’
Name — Cerium 5.5769 28 5.473 5.5250 5.582 5.6437 5.6704 6.1498 5.8638 5.9391 6.0215 6.1077 6.1843 6.2542 5.4259
Standard__—140.116 ) SQIAZDS/2 91P4K11,2 92U oL 93N6L11,2 94 'F, 95 °sc, 96 °D; 97 ti|'|(<1’5,2 98 fSIB 99 ‘5, 100 °H, 101 Z(Ff,z 102 's, 103 °pP;,
Atomic Xe]4f5d6s” 5 Am
oy [Xe]4f5d6s T C a P u m S m o r
Weight' (Da) = » . ] - . " ) )
9 5.5386\\ B Actinium Protactinium = Uranium Neptunium  Plutonium  Americium Curium Berkelium  Californium  Einsteinium Fermium  Mendelevium  Nobelium  Lawrencium
i < (227) 232.0377 W 231.03588 = 238.02891 (237) (244) (243) (247) (247) (251) (252) (257) (258) (259) (266)
Ground-state  _lonization [Rnjed7s” W [Rnj6d®7s® M [Rnj5f6d7s®  [Rn]5F6d7s” | [Rnlof'6d7s>  [Rnl5f7s> | [Rnl5f'7s® | [Rnl5f'6d7s” = [Rnl5f7s. | [Rnlsf°7s° | [Rj5f'7s® = [Rnl5f27s® | [Rnlsf7s® | [RnJ5f'‘7s® | [Rnlsf ‘7s’7p
Configuration  Energy (eV)
g 9y 5.3802 6.3067 5.89 6.1941 6.2655 6.0258 5.9738 5.9914 6.1978 6.2817 6.3676 6.50 6.58 6.65 4.96
TBased upon 2. () indicates the mass number of the longest-lived isotope. *For the most precise value, visit ciaaw.org. For a description of the data, visit pml.nist.gov/data

NIST SP 966 (February 2017)
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.{'f"‘ | Energy difference was obtained by combining y spectrum
' ‘a l I { T .. with y spectroscopy.
SN ,m R
Tl {“..1“}')”“*‘“__,,,‘ l 1 51In 1994, 4 pairs of energy difference were avaraged.
‘f e T
S i Ge detetor was used to\report 3.5 eV ~ a few eh pair
97.1  9/2°(633]
25.3 1976  Kroger & Reich spectroscopy <100 eV
* 1990 Reich & Helmer spectroscopy -1(4) eV
67.9 e Anpular distribution
' 1994  Burke & Garret <beV
fromy 230Th(d,t)22°Th
71.8
1994  Helmer & Reich  y spectroscopy 3.5(10) eV
\'A 29.1  5/2°(631] - -
enl e -Filh
o005 CumaraesFilho o vze  5.5(10) ev
20,1 &Helene
V.V 0.003  3/2'[631] 6(b) eV
2007 Beck et al. t
\ ) . eck et a y spectroscopy 7.8(5) eV
9Th 7340 y E, /keV




Direct search (U-233)
Irwin and Kim, PRL79, 990 (1997)

233(
a-decay
2%
9% \e— 229mTh
233 229m 229
229Th U 7 Th 7 Th
Sample1 Sample2
100uCi U-233 on Kapton 300uCi U-233 on filter paper
PM B Monochromator ﬂ/Smme L L T 1T T T T T )
I—__‘ - me i f""‘. A [J‘l\.
. | i | . f " { f
gOriel 7::0 %\ WIS arive ,'"’. 1\-, P ;J \
motor l-" L“ f Lf \“lL
o TP, S L e A O B AN
sva list - Controfier % | “ ; 3: | !
PCA-Il E = i ::, er'
Computer -l

Richardson et al. PRL80, 3206 (1998)
Same peak

inelastic electron bridge?



Signal Disappear in Vacuum

Utter et al., PRL 82, 505 (1999)
Shaw et al, PRL82, 1109 (1999)

VACUUM CHAMBER

QUARTZ LENS | — R ' . v
| —\ 10081
QUARTZ WINDOW | PRL 80, 3206 (1998) e
N . N v ov oy -
[ o . ¢ : - (a)
\ /:5"}\ ,"'I 'l ’I [ ‘ . [
—== = U0, (L :
1° FRONT SURFACE S— '§ I 2 il B |
MIRR ' |
I_i_l CCD DETECTOR (%’ I '
URANIUM SOURCE ON 0 | (\ \
1* PLATINUM DISK O : :
O - :
760Torr [} [/ N ¢
N, dlschage\J J " (b)
Atmosphere
250 300 350 400 450
Wavelength (nm)

FIG. 1. (a) Spontaneous luminescence spectrum from a
. UO: powder sample (46 h integration, 0.5 mm slit).

Vacuum (5X) (b) Emission spectrum of an atmospheric pressure N; dis-
charge, under the conditions of (a), except for a 1 s integration
time. The traces are offset vertically for clarity. The arrows
mark the line positions reported in Ref. [2].




“FE¥%IEst” revived Th-229

EUROPHYSICS LETTERS 15 January 2003

Furophys. Lett., 61 (2), pp. 181 186 (2003)

Nuclear laser spectroscopy
of the 3.5eV transition in Th-229

E. PrIK(*) and CHR. TAMM

Physikalisch-Technische Bundesanstalt - Bundesallee 100
38116 Braunschweig, Germany

(received 17 June 2002; accepted in final form 11 November 2002)
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VUV light source

Th lon beam

Cectric MM+20C funnel

7 8 eV ' Superscrie Laval no1ze 2r ""‘:"::‘::w"’
y Y . / Microchannel plate (WCF)
4 Z""‘.ﬁ"“"‘:‘i"“ ’“‘\cb' Phooprer oorcon on
‘ Hadn hageenty
O V guacrupcie-ion gacds [RFC),
- e Bufier-gas stopping cell, 102 ricar
VUV light e
NeCrozhannel
I ‘ IC sectren pates
P MT : lsomeric decay | o excharge
7.8 eV \, e achange ., d > @
Y a b == =

0 eV

J. Jeet et al., PRL 114, 253001 (2015)

Y

Eleciron cascade

E=7.29-8.86 eV at ALS i SR
>
A. Yamaguchi et al., ) Pllmoy
New J. Phys. 17 (2015) 053053 Lars von der Wense et al.,
E=3.54 - 9.54 eV at MLS Nature 533 (2016)
S. Stellmer et al., arXiv 1803.09294 E=6.3~18.3 eV

E=7.5-10eV at MLS Physics World 2016 Breakthrough of the Year
Life ~ 1 sec 3rd Place

No VUV signal was observed yet!
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VUV Search using NRS technique
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« Need VUV transparent target
Th doped UV transparent crystal have been developed

[Th:Can (Schurmm Group, AU))
Th:LISAF (Hudson Group, USA)

IXx1XF mm Solid state nuclear clock

J. Phys.:Condens. Mat. 21, 325403 (2009)
J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)



Several Issues

Event rate is low (<0.5 cps)

Cooled PMT(R10454) with positive HV
Dark count ~ 0.04 cps

Peltier device

After glow (beam induced)

Heating crystal to 160°C
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Experimental Setup for VUV search
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Experimental Setup for VUV search
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Preliminary Result
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Th-229 5 %5t Cenhance2 N 3 EH

Th-229D e TR ILF— E;¢ HM RIS Wz o

5](‘ Sa AEC / ~ MeV
Zok= K=

J a —AEIS\NSeV

BLU, RFRZOZEDOMRERELHD, KHKVNSLKEDOgEELERSI N TWS

Th-229714YX—D LT v TTENE, 7A4VYN—I TN, BREYT A
ZRET S ET, KeXRRICHEND DI ENARETH %,

AE;- (McV) K|
Constant density General Constant density General
", 22 keV —0.099(51) —0.099 (¥5) 4.6(2.4) 4.6 (4.0)
Eu, 103 keV .32 (18) 0.02 (15) 3.1 (L&) 0.2 (1.5)
12Gd, 105 keV 0.030 22 0.08 (32) 0.28(21) 0.8 (3.1)
’?’(jd, 64 keV —0.055(41) —U0.06(21) .86 (63) 0.9 (3.3)
SIDy, 75 keV —0.031(23) 0.29 (55) 0.42(31) 3.8(7.4)

BT 6 keV 0.19(13) 0.20 (25) 30 (21) 32 (41)
A ) o T ~ o~ Py % .\ : N N . Q
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K. Ono et al., arXiv:2110.13544v1
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A.Derevianko and M. Pospelov, Nature Physics 10, 933 (2014)
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