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1 Introduction

The first excited nuclear state of ??Th is known to be
an isomeric state 22 Th (metastable excited state). It
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Abstract

Thorium-229 is a unique case in nuclear physics: it presents a metastable first excited
electronvolts above the nuclear ground state. This so-called isomer is accessible by VUV lasers
the amazing precision of atomic laser spectroscopy to nuclear physics. Being able to manipulaf
at will opens up a multitude of prospects, from studies of the fundamental interactions in pl
compact and robust nuclear clock. However, direct optical excitation of the isomer or its rg
ground state has not yet been observed, and a series of key nuclear structure parameters such
half-lives of the low-lying nuclear levels of ??Th are yet unknown. Here we present the first a
229mTh . Our scheme employs narrow-band 29 keV synchrotron radiation to resonantly excite
which then predominantly decays into the isomer. We determine the resonance energy with 0.
half-life of 82.2 ps, an excitation linewidth of 1.70neV, and extract the branching ratio of the
the ground and isomeric state respectively. These measurements allow us to re-evaluate gami
have been collected over 40 years.

it is the lowest nuclear exci
far. Although the optical exq
to 229MTh is yet to be estab
tions for exploiting it as a ne
vestications are exnandine.
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Extraordinary low-excitation energy among all known nuclel.

A

keV
> 4.00E+3§3.00E+2
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6.00E+2  4.00E+2
3.00E+2  2.00E+2
1.50E+2  1.00E+2
7.50E+1 [85.00E+1

B2.50e+1 0.0
unknown
Laser technique is available eVm
z=2g [] . UheiGy | ! 1 MeV
N 7=20 = e Yo Good coherence
=8 = = F. :::;
T N=28
=2t 7.8eV?
h=8 ~ eV i
Ground state I . v .
ordinary atoms 229Th nucleus ordinary nuclei
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Examples of applications

Frequency Standard ' N UCIear CIOCk” G.A. Kazakov, et al., N. J. Phys. 14, 083019 (2012).
Current definition of second (based on Cs atomic clock) : Uncertainty ~10-16

229Th nuclear clock can improve the uncertainty to 10-1° even in a solid-state.
— Realize more accurate (& portable) clock

= Measurement of the temporal variation of the Fine Structure Constant

Current limit (based on Yb atomic clock stabillity) : daldr = (=2.0+2.0)x 107! /year

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

229Th nucleus is the most sensitive candidate. Several orders! improvement is expected.

V.V. Flambaum, Phys. Rev. Lett. 97, 092502 (2006).
J.C. Berengut et al., Phys. Rev. Lett. 102, 210801 (2009).

- Dark matter SearCh A. Derevianko and M. Pospelov, Nat. Phys. 10, 933 (2014).

| 10-22/year can be possible.
Topological defect dark matter

It can constrain parameters in BSMs
= Heavy rare metal search which relate “cosmic acceleration”

Relativistic geodesy
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History & situation of the 22°Th isomer (22°mTh)

year result

1976

1994-

2007

2015

2016

2017

2018

Kroger & Reich Nucl. Phys. A 259(1976) 29.
U-233 a-decay y-spectroscopy

Helmer and Reich, Many searches...

Beck et al. Phys. Rev. Lett. 98(2007) 142501; LLNL-PROC-415170 (2009).
y-spectroscopy by microcalorimeter (indirect measurement)

Jeet et al. Phys. Rev. Lett. 114(2015) 253001.
Direct VUV excitation & emission. — Null result

Wense et al. Nature 533(2016) 47.
Observation of IC electron from the isomer state (from 233U a-decay)

Seiferle et al. Phys. Rev. Lett. 118(2017) 042501.
Lifetime measurement of IC electrons (from 233U a-decay)

Thielking et al. Nature 556(2018) 321.
Laser spectroscopy of the isomer state (from 233U a-decay)

x Precise energy Is not known.

Gamma-ray spectroscopy 7.8+0.5 eV
Direct excitation 7.3 - 8.8 eV excluded
Electron emission measurement 6.3 - 18.3 eV

<100 eV
35+1.0eV

7.8 +0.5eV

Reject : 7.3-8.8 eV
(t: 1-5600 s)

6.3-18.3 eV

Tc=7 = 1Us
Ty~104s

HFS, M1, E2 of
229mThH2+

x Laser excitation & VUV photon emission have never been observed.

X-ray pumping of the nuclear-clock isomer 229Th
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Introduction of our project

All the previous experiments used 233U a-decay as a 22°Th isomer source.
But, a-decay is a violent process (huge background, > 80 keV recoll energy, ...),
and uncontrollable.

More cleaner and controllable isomer production method is preferred.

= Optical active pumping to the isomer state

Realization of the active pumping of the Thorium-229 isomeric state “Cosmic acceleration” Symposium, Takahiko Masuda (Okayama Univ.)
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Principle of the pumping

5/27
/ 29.2 keV
. (@ Detect emitted X-ray photons via
D Exc_lte_ **°Th to the_ secc_)nq deexcitation to the isomer state
excitation level by irradiating X-ray.
+
3/2 Isomer state
5/2* (3 Detect emitted VUV photons via
Ground state deexcitation to the ground state.

NRS (Nuclear resonant scattering)

By detecting X-ray photon emission in (@, we can confirm the isomer production.
Then, we simply wait for the VUV photon emission in 3 to measure its wavelength.
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Key points for Th-229 NRS

Simulated time spectra

Difficulties Poor SNR

............ Prompt peak Short lifetime  T12 =100 - 200 ps
due to electronic scattering Low S/Nratio 106 - 10-7

#hits / 25ps

é é é é é Low Signal rate < 1cps
A eee—— e s Constant B.G. Radioactivity

NRS signal
5 (T1/2=100~200 ps) 5
| o S— T S— Requirements to apparatus

Constant B.G. Short tail in the time response
""""""""""""""""""""""""" due to its radioactivity Fast time resolution
Lo , 5 Low dark counts

._,|| High rate tolerance

-0.5 0 0.5 1 1.5 2 2.9 3 Simultaneous energy & timing meas.
time [ns]
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X-ray detector system

Si-APD: Hamamatsu Photonics S12053-05

- Small diameter | 0.5mm¢e
- Thin depletion layer | ~10 um

Dedicated fast peripheral circuits
- High rate measurement | 106 cps / ch
- Simultaneous energy & timing measurement

T | iiii

Les 7 & o A iEoa o

Constant fraction discriminator
Amplitude-to-time convertor
Trailing edge discriminator

customized 9-ch array

X-ray pumping of the nuclear-clock isomer 229Th
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#hits / 25ps
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T. Masuda et al., Rev. Sci. Instrum. 88, 063105 (2017).
T. Masuda et al., Nucl. Instrum. Meth. A. 913, 72 (2019).
T. Masuda et. al., Submitted to JPS: Conf. Ser.
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Dense target & beam

10

Prompt peak

“Dense” Th target
+dry-up method
- 0.24 pg, 0.4mm@

#hits / 25ps

.................................................................................................................................

.................................................................................................................

(6)]
ff].ff,...”ll IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IIIIIIII| IRLLLL

“Focused” X-ray beam
+  Focused with a refractive lens array
- 1.0x0.8 mm2 — 0.2x0.06 mm2 (FWHM)

‘e
.
‘e
L]
-
LI
-----------------------------------------------------------------------------------------------------------------------------------------------------------------------

mm u Entries " 31112 mm -
0.4 ;_ W/O Iens Meanx -0.0004025 0.4 = W/ IenS

70C

Mean y -0.01455

StdDevx 02327 - 60C
StdDevy  0.1308 [2

0.2} 50(

E h

E_ 30C

20C

—

0.4 1.0x0.8 mm2 041 02x0.06 mmz (@°
04 -02 0 0.2 0.4mm 04 -02 0 02 0.4 mm
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SPring-8

The most intense X-ray synchrotron radiation facility in Japan.

Realization of the active pumping of the Thorium-229 isomeric state “Cosmic acceleration” Symposium, Takahiko Masuda (Okayama Univ.)l
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NRS search
10° —
Beam time 2018/7/15 9:00- 7/23 9:00 }g, Signal region
Monochro. Si440 pc 30 O S O
Scan range 8.4 eV (0.1 eV step) }8:
Scan points 113 points (1800s/point) pe
Scan time 67 hours (7/19 2:00 - 21 21:00) ‘(: T | |
105 0 05 1 15 2 25 _ 383
Time [ns]
- 2018/07/19 2:01
Number of events . E : : ; g
N the SigNal FEQION 100 [F-£: i e
90 : : : : :
BOE= g s —————s S
FOE— —
1] S ST SRR SR S—————— J———
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Results

The NRS peak has been observed.

260 - 6 =

- Y =

“ - Si1660 monochromator =
S 200F % =
O = | S/N ~ 1 =
E’ 180 i_ + + Significance ~ 20 _;
C — ’ -
8 — A + —
O 140F =
100 - i —

05 06 07 08 09 1 11 12 13 14 15

Energy - 29189 [eV]

The world's first demonstration on
the active pumping to the isomer state
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Obtained nuclear parameters

e0f e E I" E(keV) T, (ps)
3 E 5/2%¥ E, ,:29.19 ~100
S 2205— E
E 180F- = < -
s - &/ @
O 140k ] = b 1I—
ooE : — E SR X-ray S -
............................................. P C
05 06 07 08 09 1 11 12 13 1.4 15 2 d
Energy - 29189 [eV] [Ccr S 0O
: s Y/ & [=
5011 . 3/2% | Eq:~0.01
§1O : On resonance 5/2+ O _
o *f % 10tt Off resonance Isomeric state
9 gob 3 | : | Gmu?.d state 3 /2"'[631]
2 107 o i 5/2 "[633]
3 20§ - s S
105 ' Eond = 29189.93 + 0.07 €V (2 ppm)
: T1/2 = 82.2 + 4.0 psS (Fastest NRS meas.)
o A [cry, =1.70 + 0.40 neV
0.4 0.6 08_ [ns1] 1.2 1.4 Bery = 1/(9.4+2.4) ~ 0.11
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Isomer factory

I" E (keV) T, (ps)
5/2%¥ E, .:29.19 ~100

< ~
&/ [&

SR X-ray é\b o
© e

rCF Q‘bQ 8

v/ & =

3/2% | Eq:~0.01

Isomeric state
3/27[631]

Ground state
5/27[633]

Isomer production rate ~ 2.5x104 cps
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Summary & Prospects

Isomer state of Th-229 : the extremely-low energy ~ 8 eV
will building a new bridge between atomic & nuclear physics

- The world’s first artificial pumping to the isomer state has been realized.

-+ The next step : VUV emission detection & spectroscopy
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