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Neptunium Series

U Fan I um 233 Reactor fuel

Uranium
—— Thorium 229
Actinium 225 Unsealed radionuclide therapy
Rad
Astatin
Polonium

= Cf. Natural Thorium-232 100%
T1/2=1.4x1010y
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Energy of first excited level
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Th-229 level diagram
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Th-229 level diagram
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Application of Th-229m

Impact of eV-order excitation level

107" m - - 104 m

eV-older excitation level keV, MeV excitation level

Experimental methods using MW, Laser,

Accelerator based
Spectroscopy, Cooling, BEC, Trap rator

Coherent

Nuclear Clock
ex.: Atomic clock (Lattice, ion) <10-19

10-18 ]
~— Shielded by electrons

Insensitive to external field

Laser excitation



Three components of Clock

j-"‘ L~
. e -~
-

-
-

lInstrument to measure counts
Counter
T (hand)

Oscillator| Object with periodic motion
$ (pendulum)

Reference| Reference
(daily rotation)

Shortt—Synchronome clock -
1920 ~ 1930, precision 1010



Atomic clock—frequency standard

Cesium fountain clock

RF source >

Oscillator

H . [Detectoo Cs Atom

& Cosium Frequency mesurement
Atoms .
“hv Counter

- Caiy Reference

La~s::' !._! Deteclor

Wt ( -

&, Lo Cs137 9,192,631,770 Hz as a standard
®

= g Precision 10-16



Development of next generation

frequency Standard
MW to Optical

Laser >
Oscillator
@etector) Atorm .
Optical Frequency comb
‘hV Counter
Reference i
C‘F L AL
b B OB -<(]j 5 A
-z K2 y
L o 4
. Yo A—T >
Optical lattice lon trap -
Sr, Yb, Hg 400~500THz — lon trap, Solid state

Th
Precision 10-17~10-18 Precision 10-20~10-21



e Nuclear isomers
107 g% e Atomic shell
8 transitions
- Optical clock
10° region
_ 10 ’ ¢ -
9,
S 104f -
Q
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103 | 2
1, 'H e
D 1994 [
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i L 5’ 171Yb il
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1070 10°° 100 10° 1010 1010 1020

Lars von der Wense et al., Nature 2016 |



Why is precise clock needed?

Communication speed

Precision of GPS

« In Futre, 1T um precision could be achived.
Gravitational sensor

« General relativity 10-18 ~ 1cm resolution

« Exploration of underground resources
Fundamental Physics

« Temporal variation of physical constants

- Space probe (Darkmatter, Gravitational wave :--)



Fundamental Physics with precision clock

« Temporal variation of Physics constants

« Some expanding universe model suggests possible

variation of the fundamental

« Yb atomic clock g = (=2.04+2.0) x 107" /yr.

N. Huntemann et al., Phys. Rev. Lett. 113, 210802 (2014).

« Sensitivity with Th-229 is improved by 10°~106
V. V. Flambaum , Phys. Rev. Lett. 97,092502 (2006).

« Topological defect dark matter e

A. Derevianko and M. Pospelov, Nat. Phys. 10, 933 (2014) f |



Thorium clock
e lon trap (Kuzmich Group, Peak Group)

Trap Th3+, Th+ in Paul trap
Single-ion can be laser cooled and detected
Electron bridge process

o Crystal (Hudson Group, Scheme Group)

Th doped UV transparent crystal
Th:LICAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Solid state nuclear clock
Crystal effect

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



History of hunting Th-229m
Isomer



__Indirect Method

| lif"' o Energy difference was obtained by combining y spectrum
v l I { I .. with y spectroscopy.
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G -Filh
2005  —MarasSTNG o eanalyze  5.5(10) ev
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7 k . t
\/ . §/2'1633] 200 Beck et a Y spectroscop$ 8(5) eV
Th 7340 y E,/keV




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

233
a-decay
2%
9% \——  229mTHh
233 229m 229
229Th U =7 Th =7 Th
Sample1 Sample2
100uCi U-233 on Kapton 300uCi U-233 on filter paper
P ] | Monochromator Sample T Tt rTTT ' ' T
T :Hi sanpe - AT ]
g HV % . I;‘ " | . f '.: !J" \',(‘ !
e g T
Computer -

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
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QUARTZ WINDOW
I |
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l 1* FRONT SURFACE I

[ * ] MIRROR
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Atmosphere

Vacuum (5X)
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PRL 80, 3206 (1998) 10002
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n | o \
o :
O |
O | N ;
760 Torr  + [} |'| | v
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FIG. 1. (a) Spontaneous luminescence spectrum from a
< UO: powder sample (46 h integration, 0.5 mm slit).
(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].



“Nuclear clock” revived Th-229

FUROPHYSICS 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)



Indirect method
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¢ XRS micro calorimeter (AE ~ 200 eV)
B+ C) - (A + D)
(B-A)-(D-0
205.48 - 198.44 = 7.04

A B

C D

Beck et al. PRL 98, 142501 (2007)

1976 Kroger & Reich a-decay <100 eV

1990 Reich & Helmer Y spectroscopy -1(4) eV
Angular distribution

1994  Burke & Garret <beV
from 230Th(d,t)?2°Th

1994  Helmer & Reich Y spectroscopy 3.5(10) eV

Guimaraes-Filho
2005 &Helene reanalyze 5.5(10) ev
2007 Beck et al. Y spectroscopy 6(5) eV




Indirect method
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Direct method

VUV light source

Th lon beam

, Cectric MM+20 funnel

- 7.8 eV — fgromescr
-\Aj\[\j\—> Hadin-heneercy = ,:_ r‘o“ ' —_— %ﬁiy
VUV Iig ht 0 eV Bute-gas soppng <o Qucrupcle-£n 0t (RFC). on:.::rwbm-x.). —— J ‘
0 ev -
J. Jeet et al., PRL 114, 253001 (2015) e
E=7.29 - 8.86 eV at ALS Pugheisn Bt s
' o e
A. Yamaguchi et al., "Th  Eechnir) Sewn  Posoe
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- 10 eV at MLS

Physics World 2016 Breakthrough of the Year

Lite ~1 sec 3rd Place




Direct method

VUV light source

- 7.8 eV
aVAVAVAY A
VUV light 0 eV
78ev PMT
0) eV

J. Jeet et al., PRL 114, 253001 (20195)
E=7.29 - 8.86 eV at ALS

A. Yamaguchi et al.,
New J. Phys. 17 (2015) 053053
E=3.54 - 9.54 eV at MLS

S. Stellmer et al., arXiv 1803.09294
E=7.5-10 eV at MLS
Life ~ 1 sec

Th lon beam

, Cectric M+ funnel

i Vicrochanel plate (VCF)
Tuk. craction J¢ '"'3'

Hadin-tmoeency
gacrupcie-on gad: [RFC),
Bufier-gas stopping cell, 102 rricar

4C mbar

C2D comera
N

Phosphor screen on fibra-opsc wndow

' o ¢

29Ty Eleciron @) Ebct Phonor

Lars von der Wense et aI.,
Nature 533 (2016)

E=6.3~18.3 eV

Physics World 2016 Breakthrough of the Year
3rd Place

No VUV signal was observed yet!
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A new method using intense X-ray source

229mMT 3/27 [631]

7.8+0.5 eV %
M1 Transition
5/2+ . 3/0" 16341 T=us~hours
5/2" [633] (7.8 eV | e
2299-|-h 229mT ——
Ground State lsomer State 229%9Th 5/2* [633]
(D Excite Definitely using the known level

@ Confirmation Using NRS signal

@ Measure VUV measurement
Originally proposed in Tkalya et al., PRC 61, 064308, 2000



A new method using intense X-ray source

Nuclear Resonant Scattering

4 N

(5/2™) 229mTy, 397 [631]

X-ray

: 5 2 29.2 keV] ©
7.8£0.5 eV
+ 4 //; (3/24{) | M1 Transition
5/2 3/2+ 631 T=us~hours

5/2" [633] (7.8 eV |

2299Th 229mT \‘ e —
Ground State lsomer State . *Th 52" 633
(D Excite Definitely using the known level

@ Confirmation Using NRS signal

@ Measure VUV measurement
Originally proposed in Tkalya et al., PRC 61, 064308, 2000



Nuclear Resonant Scattering (NRS)

Wat is expected signal?

Scattered light

from deexcitation

Simulation

Time spectrum

Target

Deteci‘gr
Direct scatter light (from Atom)
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time [ns]

Difficulties
Very short lifetime (T1,2100~200j
Rare event

Random radiation background



Baruch De Spinoza
Last part of “Ethica”

Sed omnia praeclara tam difficilia, quam rara sunt.

But all things excellent are as difficult as they are rare.

LML, IXNTEELRDBDIEHETHD EEDICHETH D
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Inspired by T. Komatsubara (Rare K-decay)
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SPring-8 Experiment



SPring-8 Experiment

Bunch mode 203 bunches

Bunch interval

HoloielghilBh e 4 x 1073 photon/s
Line width

Pulse width

\Vile]gleleiglg®
Meter
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SPring-8 Experiment

Bunch mode 203 bunches
Bunch interval
Photon flux
Line width
Pulse width

\Vile]gleleiglg®
Meter




Experimental setup
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- MAX DAQ rate ~ 7 Mcps
- Acceptance 0.7 %







To detect NRS signal with good S/N

Target (area S)

E

#hits / 25ps
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Thorium Target production

Precipitation method

LA S | Target profile using
o (o SER T |
teisd ey -y - X-ray fluorescence
b~y Targetspot $1.5mm e
b e e
-~.f }
A5 | &
P,
',; At last, covered with
et Be sheet.
Th(OH)4 R
1.5 mm (OH) ST
= Filter Paper X-ray energy spectrum of scattering from ?**Th-target
' 25000 ) '-3 5 _;':n{ BT T — '
| i =z |
' g | ; 8 ,1522 keV (Lﬁl,s) |
£ Tl w Compton scattering
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:X Eenergy (keV]

Osaka Univ /Tohoku Univ(Kasamatsu, Yasuda, Shigekawa, Konashi, Watanabe)



voltage [mV]
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-301

-40

-50

-60

Fast X-ray detection system

+ Vbias TDC
input 0
1-APD Accelerator reference signal < ?npu
input 1
FWHM : 590 ps input )
~ CFD <
: N input 3
E preamplifier
= Shaper & amp. ATC input 4
2 0 2 4 6
- tme (e Front end Electronics
SiAPD Preamp output
Si-APD signal T \/ J N\/ // h\/
ATC.intefnal
signa == — — — — — — — — = — — = -\ —
threshold \V \ V § \\/
Acc. ref. signal J J
CFD output f — \\
D, ) J
time infomation == ~ ~
A'TC output (D (D /
energy infomation [« - - ; (( -
+—> < >
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T. Masuda et al.,REVIEW OF SCIENTIFIC INSTRUMENTS 88, 063105 (2017)




NRS countsin 100 s.

NRS observation (Hg
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Preliminary search for Th NRS
2016.Dec
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Recent Result



Higher density target
e $1.5—¢00.5

- x10 sensitivity

Pt wire
Cell (Tefron)

E\§
‘§
R} ~
$0.5 mm \ kv
L
{ |
AlorTi Base(Ti)

Rlken (Haba, Yokokita, Yamaguchi), Osaka Univ (Kasamatsu, Yasuda,
Shigekawa)



New 9ch APD array
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New X-ray focusing system

- compound refractive lens -

* |nstalled in BLO9XU in Oct. 2017
* 2D focusing for 29.2 keV X-ray

- Aperture 1.5 mm x 1.5 mm
- Transmission efficiency 53%
- Beam size at focal point ~50um (V) x200um (H)

- Focal length 14 m

Karlsruhe Institute of Technolagy (KIT)
=~ Institute of Microstructure Technolagy (IMT)
Karisruhe Irsttute of Technology

AVBONUOIN SN microworks GmbH

MCHLOn V IRCTVALY




Progress over three years

Evaporated Th
target

Nt U

MCP detector MCP detector
2015/2 ~ , 2015/12 2016/9 L 201710
3.'_:', A | — data (200 saconds) %10' "'«" data (1500 secords) éw' :’l dala (3400 secordds) [ ‘_'3 f(ll = data [1€0D mcw{"
& IR 3 w‘ | signal {simulaton) § 10° I\ signal {simulation) %U": Sigaal (emuiakion)
o i | I
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Detector 14.5mmd MCP 14.5mmd¢ MCP 0.5mmd APD 4ch 0.5mmd¢ APD Sch
Th target 0.06 pg/mm2 x Smmao ‘ 1.7 pg/mm2 x 1.5mme 1.7 ug/mm2 x 1.5mmo 3.0 pg/mmz2 x 0.5mme
Beam size (FWHM) ~1x1 mmz2 1.0x0.8 mm2 0.2x%0.1 mm2 0.2x0.05 mm2

counl rate 1.3 kHz { 300-400 kHz 22 kHz 310 kHz



Last Spring-8 beam time
2018 April







Recent result
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Recent result
2018 April
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total events (10%) events in ROI

7{)

o 20 ’ 30 60 80 ‘ 100

No signal at all
2018 April

ROl 0.5 ns ~ 1.0 ns

2.5 days scan
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Why not observed?

« Search energy range
« NRS resonance would be outside the range?
« Energy precision

« Energy of Monochrometer may be drifted
during scan.

o Lifetime

« Life time might be too short to detect.
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For next challenge

Collector R. 189-28 - R

 In stu Energy calibration Q\/%( TN
/N N/ N\
. Bond method FONN S
W.L.Bond Acta Cryst. (1960) 13, 814 _.F:;‘;:::Z,/.w,.»_._._:‘;}))? \.
. Angular measurement \ /
-\ si220 )/
« A6~0.1"if AE~10 meV & /,/

. Self calibrated rotary encoder (SelfA AIST)

T. Watanabe Journal of Japan Society for Precision Engineering Vol 82, No9, PP 792-796 2016
« Lifetime measurement

o Lifetime of 2nd Excitation level 5

e Critical parameters



Lifetime measurement

2017 summer, Oarai center, Tohoku Univ

233U

229Th
97.1 keV
9/2+
71.8 keV
7/2+
) (1)
42.4 keV
7/2+
29.2 keV
5/2+
) (2)
0 keV ~7.8 eV
5/2 631 3/2
/2+ 633] [631]  3/2+

1xT1 inch LaBrz(Ce)

ZBURR IR

LaBr;(Ce)
662keV H 73

<

@

6
R13449-100-10(PhotoCathod:SBA)



Lifetime measurement

2017 summer, Oarai center, Tohoku Univ

233U

229 LaBr;(Ce)
Th 662keV H 77 i 2
97.1 keV
9/2+ 200 ns
71.8 keV
7/2+ _
1xT1 inch LaBrz(Ce)
) (1)
42.4 keV
7/2+
29.2 keV
5/2+
@
m—) () By R <
0 keV [ ] ~7.8 eV @
5/2 631 3/2+
/2 1633

6

Data analysis is still in progress. R13449-100-10(PhotoCathod:SBA)




Future prospect



To observer VUV signal

* Ellipsoidal mirror system is developed
- Th:CaF2 crystal povided by TU Wien

- VUV emitted from the crystal is viewed by solar-blind
PMT

Target Insersion Mechanizm|  yuap—

Th-doped CaF2 provided by Wien Tech.
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Optical system check (2015)

-Target




Measurement of VUV wavelength

* VUV spectrometer with cooled CCD camera.
» Wavelength could be determined by 0.2 nm (0.01 eV)

VUV Spectrometer 120- - range A

range B
100 - range C
1-nm smooth

80 4

60 -

counts

40

20 4

-20

wavelength [nm]

* No severe background in the signal
range. (2014)

By Simon Stellmer




Excitation, Detection using IC electron

Laser excitation with magnetic bottle

magnelic coil

pulsed, tunable
VUV laser system

SUDPIDININININNNINNNY -
“Th coated

on gold substrate

I ’--_'_A_‘ S/N~ 104

< <3 day scan
magnetic T U permanent
field lines

magnet
S ——————"

MCP detector

Lars von der Wense et al.,, PRL 119 132503 (2017)

Energy measurement of IC electron
(a)

signal
Iga\\

MCP detector

_L+500 V acceleration voltage

electron

_______ \--_-C-CI= .
Pr——::::\:::::——
negative( __ Th-229m\ ,

voltage

H—

—= 4 nm Au layers
1.6 nm JU-233 layer

S detector
cm

start signal —

S. Stellmer et al., arXiv 1805.04929v 1



Excitation in laser plasma

Inverse IC using Laser ablation Inverse IC using Laser ablation

o
Preparation @, Hemispherical
. N -
chamber & / . ) energy analyzer
0, ‘@ > -
2, L ;
. : C . Y2
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2% N\ Ultra High
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A ‘e Spectrometer
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P.V.Borisyuk et al., arXiv 1804.00299v 1 Eis = 7.1(+0.1-0,2) eV

T1/2 = 1880170 s



Spectroscopy

8 |ortrap at PTE

) ) Laser ablation
lonizat on radiat on

e FRioreagenas datsation Johannes thielking et al., Nature vol 556 (7701) pp. 321-325 (2018)
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Summary

 New method using high intense x-ray source has been
developed.

* We are now ready for full search of Th-229 29.2 keV
state.

 |f we could observe NRS signal of 29.2 keV, then we
start search for VUV photon using Isomer state.
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