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Neptunium Series

Cf. Natural Thorium-232 100%    
T1/2 =1.4x1010 y

Uranium 233

Thorium 229
Actinium 225 Unsealed radionuclide therapy

Reactor fuel
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Th-229

Ground State Isomer State

Th-229 level diagram
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Excited State
7.8 eV
T1/2 : 1000s

Th-229

Ground State Isomer State

Ground State
T1/2 : 7340 y

Th-229 level diagram



Application of Th-229m 
Impact of eV-order excitation level

Experimental methods using MW, Laser, 
Spectroscopy, Cooling, BEC, Trap

ex.: Atomic clock (Lattice, ion) 
　10-18

eV-older excitation level keV, MeV excitation level

Insensitive to external field
Shielded by electrons

Nuclear Clock 
<10-19

Atom Nucleus

Accelerator based

Laser excitation

Coherent



Three components of Clock

Oscillator

Reference

Counter Instrument to measure counts 
(hand)

Object with periodic motion 
(pendulum)

Reference 
(daily rotation)

Shortt–Synchronome clock 
1920 ~ 1930, precision 10-10



Atomic clockーfrequency standard
Cesium fountain clock

NIST

Cs137  9,192,631,770 Hz as a standard
Precision 10-16

RF source

Detector

Reference

Oscillator

Counter
Frequency mesurement  

Cs Atom

hν



Development of next generation 
frequency Standard

MW to Optical

Ion trap

Precision 10-17~10-18
Sr, Yb, Hg Yb400~500THz

Laser 

Detector

Reference

Oscillator

Counter

Optical Frequency comb
Atom

hν

Th
Ion trap, Solid stateOptical lattice

Precision 10-20~10-21



Lars von der Wense et al., Nature 2016



Why is precise clock needed?

• Communication speed 

• Precision of GPS 

• In Futre, １μm 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 …)



• Temporal variation of Physics constants 

• Some expanding universe model suggests possible 
variation of the fundamental  

• Yb atomic clock 

• Sensitivity with Th-229 is improved by 105~106 

• Topological defect dark matter

Fundamental Physics with precision clock

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

V. V. Flambaum , Phys. Rev. Lett. 97, 092502 (2006). 

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



Thorium clock
• Ion trap (Kuzmich Group, Peak Group) 

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

J. Phys.: Condens. Matter 26 (2014) 105402 (9pp)

• Crystal (Hudson Group, Scheme Group) 

Th:LiCAF (Hudson Group, USA)
Th:CaF2 (Schumm Group, AU)

Electron bridge process

Th doped UV transparent crystal

Crystal effect
Solid state nuclear clock

J. Phys.:Condens. Mat. 21, 325403 (2009) 



History of hunting Th-229m 
isomer



1976 Kroger & Reich γ spectroscopy <100 eV

1990 Reich & Helmer γ spectroscopy -1(4) eV

1994 Burke & Garret
Angular distribution 

from 230Th(d,t)229Th
< 5 eV

1994 Helmer & Reich γ spectroscopy 3.5(10) eV

2005 Guimaraes-Filho 
&Helene 

reanalyze 5.5(10) ev

2007 Beck et al. γ spectroscopy 7.6(5) eV 
7.8(5) eV

Indirect Method

!18

Energy difference was obtained by combining γ spectrum 
with γ spectroscopy.

In 1994, 4 pairs of energy difference were avaraged. 

Ge detetor was used  to  report 3.5 eV ~ a few eh pair



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

!19

Sample1 
100uCi U-233 on Kapton 

Sample2 
300uCi U-233 on filter paper 

inelastic electron bridge?

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

233U !229m Th !229 Th
229mTh

233U

229Th

α-decay
2%

98%



Signal Disappear in Vacuum 
Utter et al., PRL 82, 505 (1999) 
Shaw et al, PRL82, 1109 (1999)

Atmosphere

Vacuum（5X)



“Nuclear clock” revived Th-229



Indirect method 
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1976 Kroger & Reich α-decay <100 eV

1990 Reich & Helmer γ spectroscopy -1(4) eV

1994 Burke & Garret
Angular distribution 

from 230Th(d,t)229Th
< 5 eV

1994 Helmer & Reich γ spectroscopy 3.5(10) eV

2005
Guimaraes-Filho 
&Helene reanalyze 5.5(10) ev

2007 Beck et al. γ spectroscopy 7.6(5) eV 
7.8(5) eV

Beck et al. PRL 98, 142501 (2007)

•Utilize two pair of energy doublet.
•XRS micro calorimeter (ΔE ~ 200 eV)
E = (B + C) - (A + D)
   = (B - A) - (D - C)
   = 205.48 - 198.44 = 7.04

A

B

C DB

C A

D

A’
1/13 12/13
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Direct method
VUV light source

VUV light

7.8 eV

0  eV

7.8 eV

0  eV

PMT

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

Physics World 2016 Breakthrough of the Year 
3rd Place

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

E=6.3~18.3 eV

Th Ion beam

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



Direct method
VUV light source

VUV light

7.8 eV

0  eV

7.8 eV

0  eV

PMT

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

Physics World 2016 Breakthrough of the Year 
3rd Place

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

E=6.3~18.3 eV

No VUV signal was observed yet!

Th Ion beam

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



5/2+

(5/2+)

(3/2+)

Ground State Isomer State
229gTh 229mTh

29
.2

 ke
V

29.2 keV

7.8 eV5/2+ [633]
3/2+ [631]

5/2+ [633]

3/2+ [631]229mTh

229gTh

7.8±0.5 eV

M1 Transition
τ=μs ~ hours

① ②

③

③

A new method using intense X-ray source

①　Excite 
   
②　Confirmation

③　Measure 

Definitely using the known level

Using NRS signal

VUV measurement

X-ray

Originally proposed in Tkalya et al., PRC 61, 064308, 2000
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①　Excite 
   
②　Confirmation

③　Measure 

Definitely using the known level

Using NRS signal

VUV measurement

X-ray

Nuclear Resonant Scattering

Originally proposed in Tkalya et al., PRC 61, 064308, 2000



Nuclear Resonant Scattering (NRS) 
Wat is expected signal?

Detector

X-ray beam

Target

Scattered light 
from deexcitation

Direct scatter  light (from Atom)
Simulation

Prompt Scattering with electron

NRS signal

Random BG from RadioActivity

Difficulties 
Very short lifetime (T1/2 100~200ps) 
Rare event 
Random radiation background
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しかし，すべて高貴なものは稀であるとともに困難である

Baruch De Spinoza

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

Sed omnia praeclara tam difficilia, quam rara sunt.

Inspired by T. Komatsubara (Rare K-decay)

Last part of “Ethica”



Th collaboration 
! Okayama University 

− S.Okubo, H.Hara, T.Hiraki, T. Masuda, Y.Miyamoto, K.Okai, 
N.Sasao, S. Uetake, A.Yoshimi, K.Yoshimura, M.Yoshimura 

! Riken 
− A.Yamaguchi, H. Haba, Yokokita 

! Osaka University 
− Y.Kasamatsu, Y.Yasuda, Y.Shigekawa 

! Tohoku University IMR 
− K.Konashi, M.Watanabe 

! SPring-8 
− Y.Yoda, K. Tamasaku 

! Kyoto University 
− M.Seto, K.Kitao, Y.Kobayashi, R.Masuda 

! TU Wien 
− T. Schumm, S.Stellmer
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SPring-8 Experiment



SPring-8 Experiment

− Array of APD’s 

!29

SPring-8

Monochro 
Meter

Bunch mode 203 bunches
Bunch interval 23.6 nsec
Photon flux 4 x 1013 photon/s
Line width 4 eV
Pulse width 
(FWHM) 

~35 PSBL09
Experimental  
Hutch
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− MAX DAQ rate ~ 7 Mcps 
− Acceptance 0.7 %

!30

PreAmp

CFD

ATC
APD array 

HPK S12053-05 (φ0.5) 

Th-229 Target 
φ1.5

Multi-hit TDC

Glass capillary 

Experimental setup
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To detect NRS signal with good S/N 

Prompt Scattering with electron

NRS signal

Random BG from RadioActivity

X-ray
Target (area S)

∝ Flux ⋅σ ⋅N ∝1/ S

∝ N



Thorium Target production 
Precipitation method

濾紙 ポリプロピレン

真空ポンプへ

穴径Φ1.5~2

パンチでΦ3に刳り抜く

水酸化トリウムまたはフッ化トリウム

濾過棒

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

φ1.5 mm

Filter Paper

Th(OH)4



Fast X-ray detection system

!33

SiAPD Preamp output

063105-3 Masuda et al. Rev. Sci. Instrum. 88, 063105 (2017)

FIG. 4. Pulse height dependence of the CFD output. The horizontal axis is
calibrated from the pulse height to the measured energy. The origin of the
vertical axis is set at the 12 keV point. It is obtained with a cadmium-109
X-ray radioactive source.

consists of a peak-hold circuit and a constant discharge circuit.
Figure 5 shows a time diagram of the ATC operation together
with the data stream of a channel. It outputs a logic pulse
whose time interval from the input signal is proportional to
the pulse height. The conversion time is less than 10 ns/keV.
If the next signal comes in during the conversion, the output
from the peak-hold circuit is updated and the previous signal
is ignored.

A multi-stop TDC (FAST ComTec, MCS6), which is a
multiple-event time digitizer that equips six input channels
with 100-ps per time bin, is used for recording both time and
energy information of each X-ray photon. We split both accel-
erator reference signal and CFD output pulse into two input
channels each with 50-ps difference so as to achieve 50-ps
per time bin effectively. The TDC digitizes an arrival time of
one pulse to 54-bit data and sends it to a computer via an

FIG. 5. Data stream for one channel. The most upper line shows timing of
electron bunches circulating in a storage ring. The second line shows analog
pulses sent from a Si-APD, and the third line shows internal analog signals
from the peak-hold and discharge circuits in the ATC. The other lines show
logic pulses which are recorded by the TDC. The horizontal axis is not scaled.

Universal Serial Bus (USB) 2.0 interface. The maximum read-
out speed of the TDC is ⇠35 MB/s. The rate capability of our
system is approximately 1 ⇥ 106 counts per second (cps) for
one Si-APD; it is limited by the TDC readout speed.

The recorded data are converted to timing and energy
information for each signal using software. The data stream in
time domain is shown in Fig. 5. The time information is con-
verted from the time difference between a CFD output pulse
and the last accelerator reference signal which synchronizes
the accelerator RF cycle. Because one reference signal comes
in once every a certain number (203 in this work) of electron
bunches, which depends on accelerator operation modes, the
time offsets between an accelerator reference signal and tim-
ing of an electron bunch should be subtracted for each bunch.
It is done after the data acquisition. The energy information
is converted from the time difference between an ATC out-
put pulse and the last CFD output pulse. If the count rate is
too high, the number of ATC pulses is less than that of CFD
pulses because the conversion time of the ATC is longer. The
CFD pulses that do not have a corresponding ATC pulse are
ignored. The above processes are done for each TDC individ-
ually and finally all converted data are gathered in one data
server.

III. SYSTEM INTEGRATION IN SPRING-8

This system has various advantages over previous sys-
tems: energy measurement, fast time response, small tail,
simultaneous energy–time measurement, and fast scalable data
acquisition. The in situ performance of the integrated system
was investigated at the BL09XU beamline of SPring-8.

A. Experimental setup

The experimental setup is shown in Fig. 6. The operation
mode of SPring-8 was a 203 electron-bunch mode in which
the 203 bunches are equally spaced with a time interval of
23.6 ns corresponding to 42.4 MHz radiation. The ring cur-
rent was 100 mA. A temporal width (FWHM) of an electron
bunch in the storage ring is ⇠35 ps. An accelerator reference
signal which is provided for every 203 bunches was sent to the
TDC as shown in Fig. 1 so as to synchronize the accelerator
and the detector system. A Si(111) double-crystal monochro-
mator, the bandwidth of which is about 3.4 eV (FWHM), was
used to adjust energy of the X-ray beam. The available photon
yield is in the order of 1013 photons/s at the downstream of
the monochromator and is adjusted by using an X-Y slit in
the beamline. The X-ray beam was focused to a spot size of
0.13 ⇥ 0.11 mm2 by a tapered glass capillary (HORIBA,
2014SP13). The spot size is defined as the standard deviation
of the cross section.

The Si-APD array and the preamplifiers were housed
in an aluminum shield box so as to prevent electric noise.
The Si-APDs were operated in the linear mode. Reverse bias
voltage of +150 V was applied to all Si-APDs in which the
nominal gain is 50, and their gain deviation was found to
be only 10% device-by-device. A brass tapered collimator
limited the optical path between samples and the Si-APD sen-
sitive areas so that background due to stray X-ray photons

Front end Electronics

T. Masuda et al.,REVIEW OF SCIENTIFIC INSTRUMENTS 88, 063105 (2017) 



NRS observation (Hg-201 26 keV )

148 meV

ON Resonance

OFF Resonance

Timing resolution  
σ～54 ps

9 order of magnitude

Timing from bunch

E
ne

rg
y

T1/2～629 ps

A. Yoshimi et al., submitted to PRC , arXiv:1705.07320v1 
I



Preliminary search for Th NRS 
2016.Dec
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Recent Result



Higher density target
! φ1.5→φ0.5　 

− x10  sensitivity  
! Electrodeposition method (cf. Precipitation method)

!37
− Be 0.1 mm (Th-232 ~1ug ）Base(Ti)

~1kV

Pt wire
Cell (Tefron)

φ0.5 mm 500 um

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



New 9ch APD array

9ch φ0.5 APD (10um)　

ThTarget

X-ray
APDArray

Distance between APD array and target 
 3.5 mm →2 mm 

Acceptance　x10 
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New X-ray focusing system 
- compound refractive lens -

! Installed in BL09XU 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 ～50µm（V）×200µm（H） 

− Focal length 14 m



Progress over three years 



Last Spring-8 beam time  
　2018 April



Last Spring-8 beam time  
　2018 April



Recent result 
　2018 April
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Recent result 
　2018 April

Energy
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No signal at all 
　2018 April

ROI 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. 

• Lifetime  

• Life time might be too short to detect.

T1/2 = 150 ps T1/2 = 100 ps T1/2 = 75 ps



For next challenge
• In stu Energy calibration 

• Bond method 

• Angular measurement 

• Δθ~0.1” if ΔE～10 meV 

• Self calibrated rotary encoder (SelfA AIST) 

• Lifetime measurement 

• Lifetime of 2nd Excitation level 

• Critical parameters

Si 220

W.L.Bond Acta Cryst. (1960) 13, 814

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



第二励起状態半減期測定
①第四励起状態から第二励起状態への脱励起光
②第二励起状態からの脱励起光

①と②をシンチレータとPMTを用いてそれぞれ測
定し、時間差から半減期を決定する

半減期は100~200 ps と予測されており、
高い時間分解能が必要

6
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α崩壊

①

②

97.1 keV
9/2+

233U線源
①

②

Lifetime measurement 
 2017 summer, Oarai center, Tohoku Univ

R13449-100-10(PhotoCathod:SBA) 

1x1 inch LaBr3(Ce)
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Data analysis is still in progress.



Future prospect



Elliptical Mirror

Target

Diamond PMT

Mirror

Target Insersion Mechanizm

Be window

Ｘ線ビーム

Mirror mount

! Ellipsoidal mirror system is developed 
• Th:CaF2 crystal povided by TU Wien 

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

To observer VUV signal

!49
!49

Th-doped CaF2 provided by Wien Tech.

Solar Blind PMT
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試料ホルダー

トリウム標的

Target

Mirror

Optical system check (2015)



試料ホルダー

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

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

Measurement of VUV wavelength

VUV Spectrometer

By Simon Stellmer



Excitation, Detection using IC electron
Laser excitation with magnetic bottle

S/N ~ 104

＜3 day scan

Energy measurement of IC electron
Lars von der Wense et al., PRL 119 132503 (2017)

S. Stellmer et al., arXiv 1805.04929v1



Excitation in laser plasma

Inverse IC using Laser ablation Inverse IC using Laser ablation

Eis = 7.1(+0.1-0,2) eV 
T1/2 = 1880±170 s 

P.V.Borisyuk et al., arXiv 1804.00299v1



Spectroscopy
Johannes thielking et al., Nature vol 556 (7701) pp. 321-325 (2018)



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. 
! If we could observe NRS signal of 29.2 keV, then we 

start search for VUV photon using Isomer state.

!55


