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What’s Thorium 2297 2

] Table of i - e | owest nuclear excited state
AbIe OT NUCHCES TOr Erstex. st . Typically keV ~ MeV scale

o E—FhER T RILF—DOBERKEK ':“ 1st lowest: 229Th ~8 eV
‘1; | -
’ 2nd lowest: 235U ~76 eV
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NNDC, NuDat 3.0, https://www.nndc.bnl.gov/nudat3/ Neutron (N) #
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What’s Thorium 2297 3

e |Lowest nuclear excited state

tovesad || o Typically keV ~ MeV scale
b7 o ] A\ R 1st lowest: 229Th ~8 eV
(Jt{:‘il’“ f_i %?F‘E% bl e T3 [ 2nd lowest: 235U ~76 eV
[ P "l?:-‘. ‘;* “ t -2 Blcg
% 1.00e+2 ) ' : '! i i* ‘t‘%y{ '@0 A" J i ' t 1 g‘ t o |67
3’ g H: - | G'g? “Jd‘%cjkb .!"‘ P
a 1111
'g 1.00e+1 - ‘ | l'l' | \- #, d ! .
Q ' i - - "
E 1.00e+0 ‘
1.00e-1
1.00e-2
0 10 20 30 40 50 60 70 80

229Th

Proton (Z) #
NNDC, NuDat 3.0, https://www.nndc.bnl.gov/nudat3/




e Lowest nuclear excited state
e Typically keV ~ MeV scali/
1st lowest: 229Th ~8 eV
2nd lowest: 239U ~76 eV

o 229mTh: nuclear isomer

Nuclear 1st excited state .
229mTh .

~8 eV M1 transition
(~150 nm) 7 ~ 102 - 104 sec.

2298 Th
Nuclear ground state

What’s Thorium 2297

71 ¥ —IREE
229Th has the very low isomeric state 229mTh:
Direct nuclear laser excitation is possible

(A~150 nm)

Lifetime and absolute energy are unknown
Optical transition hasn’t been observed yet
150 nm light is Vacuum Ultra Violet (VUV)

Counts

VUV Signal

Time




‘ Nuclear Clock 5

 Nuclear clock: VUV Laser
- | 3 Ex . Nuclear 1st excited state
* use nuclear transitions atjg, 229mTh
as frequency standard
Feed Back
Y
009
. . N -19 Resonance “05 2299Th
* Estimated uncertainty ~10 Peyk Freq. 0% Nuclear ground state
_|_>
C. J. Campbell et al., Phys. Rev. Lett. 108, 120802 (2012) 7/ v
E. Peik and M. Okhapkin, C. R. Physique 16, 516 (2015) 0
* \ery sensitive to time variation of fine structure constant (a)
5_f . AEC()ulomb oo |
f Eisomter 0 P. Fadeey, et. al., Phys. Rev. A 102, 052833 (2020)

- /4



Step 1

Strategy to Detect VUV Signal 6

Artificial production of 22°mTh by

NRS* method

* Nuclear Resonance Scattering

Detect VUV light
emitted from 229mTh

Pumping S R A e A A AR A ; 299
by X-ra » 2605 NRS Spectrum E —mT.h
4 4 S 2205 = Spontaneous
29 keV 3 1e0f : Emission N
— A 1405: w . E from 229mTh \)
220mTh e 4 ;
O SRR E Detector
ZzggTh 0.5 0.6 0.7 0.8 OIIgnergy-l- 2915.91 [ev]‘l.iidd1e.(;t X1_r4ay e‘|r]5ergy _2299Th e.g. PMT
\_ RN W,

Step 2 Step 3 N

Spectroscopy of VUV Signal
to determine 229mTh energy

E.Q.

Developing detector which
has large acceptance of
VUV light

- J

e Jo precisely measure the energy of isomeric state 229mTh, We set three steps

e Production of 229mTh can be confirmed by measuring NRS signal

e Step 1 is already achieved at SPring-8!

T. Masuda, et al., Nature, 573, 238(2019)

e 229Th nuclel can be contained in the optical crystal

 Nuclei aren't affected by crystal because valence electron work as shield

% 229Th nucleus

229Th atom

wwwwwwwww

229Th doped crystal




BL19LXU on SPring-8 7

“SPring-8 is a large synchrotron radiation facility which delivers the most
powerful synchrotron radiation currently available.”

“The research conducted at SPring-8, located in Harima Science Park City,
Hyogo Prefecture, Japan, includes nanotechnology, biotechnology and
industrial applications”

http://www.spring8.or.jp/en/about_us/whats sp8/

| Atomic Energy Agency) | JAEA Actinide Science | (Japan Atomic Energy Agency) BL22XU @

| | Medical and Imaging | BL20B2 %
Solid . Medical and Imaging 11 BL20XU %
R \ Engineeringgingi it

3l

RIKEN SR Physics BL19LXU ¢
~ RIKEN Coherent So ‘ -

SUNBEAM BM BL16B2 @

W % Y (SUNBEAM Consortium)
.F_-‘.-C}- ® % % %
vvvvvv TS NN SUNBEAM ID BL16XU @
e e W (SUNBEAM Consortium)

@ rmimizmn — _'__ﬁ:'z-a 27—' 26 Zg-‘éz“é—:ﬂ‘;“__ ‘:::. \
—_— e 3~ R ‘ .
- --/3'539 ce RIKEN Materials Science 11l BL15XU &

»»»»»»»» i 3 SPPiﬂSO» 8 [ ] Engineering Science Research [l BL14B2 *

<<<<< @ 180 | QST Quantum Dynamics Il BL14B1 @
. 7 -. ‘ (National Institutes for Quantum Science and Technology)

. g ;{",,-'35 By 'r. Surface and Interface Structures BL13XU %

: /| - Al '.';7! NSRRC BM BL12B2 @
i, e 4/;'4"36 Beamllne Map 15'|L'¢'-F.7//'"/. - (National Synchrotron Radiation Research Center)

By gy 37 _ 14\17 Je NSRRC ID BL12XU @
AR yry. ‘33 Total number of beamlines : 62 13' ¢ (National Synchrotron Radiation Research Center)

5::(['4".39 * Insertion Device (6 m)  : 34 ( —==u) 12.'L' . QST Quantum Dynamics I BL11XU @
o We u S e B L 1 9 L X U '.d |kl"'-40 * Long Straight Sec. (30 m) : 4( ——) ,"l." (National l'nsmutes for Quantum Science and Technology)

_ - Bending Magnet . 24 ( ——) W High Pressure Research BL10XU %

HAXPES BL0O9XU *
Hyogo BM (Hyogo Prefecture) BLO8B2 @
High Energy Inelastic Scattering BLOS8W %

The University-of-Tokyo Outstation Beamline for Materials Scence BLO7LSU @
(The University of Tokyo)

R&D-ID BLO5SXU ¢

e Energy Range: 7.1~18 keV (1st), 22~51 keV (3rd)
e ~2x101 photons/s @14 keV

http://www.spring8.or.jp/wkg/BL19LXU/instrument/lang-en/
INS-0000000361 /instrument_summary_view




‘f Experimental Setup at SPring-8 8

Experimental Hatch

Monochromator VUV NRS X-ray Energy
_ _ _ Search Detection Monitor
SPring-8 Si(111) Si(660) System System System

Storage Ring

AN

Beam Line: BL19LXU

X-ray path




VUV Search 9

WA B Y T T W W T S e —"

m—5/27 [631]

e Procedure of VUV search 29.19 keV
1. Produce 22mTh by NRS Xeray = .
2. Detect the emitted photons from 229mTh 229Th nucleus m—3/2* [631]
/ Magnetic Dipole Transition(M1)
O A =10 — 10*s
)
e Target crystal 5(/,26\,[633]

e The target must have VUV transparency around 150 nm
e Materials: Calcium fluoride (CaF2), LISAF (LiSrAlIFe) CaF target

e 229Th:Cal; crystals are developed by TU Wien group
e ~50% transmittance at 150 nm
e Thorium 229 density is 4x1017 / cm3
S. Stellmer, et. al., Scientific Reports 5, 15580 (2015)

e 229Th:LiSAF crystals are developed by UCLA group size: 1x1x1 mm

- 4




‘ VUV Signal and Backgrounds Estimation 10

| \ 7/ 4 % N\ /4
e Estimation of VUV signal rate Time Spectrum

_ ‘2 Radioluminescence
* Time depend rate : Rdetection(t) :fRisomelr[1 o €Xp(—T/T)] €Xp(—t/T) G
- © N\ Photoluminescence
t . Lifetime of 229mTh \
T : Irradiation time of X-ray beam from SPring-8 VUV Signal
Risomer . Production rate of 229mTh ( known by NRS measurement )
Time
* Backgrounds On resonance| |Off resonance

e Radioluminescence 260
* |t's caused by Alpha-decay and Beta-decay of 22°Th
e Photoluminescence

N
N
o

—
(00)
o

Counts / 3600 s

—
n
-

e |t's caused by irradiation of X-ray to the target crystal - _
05 06 07 08 08 o podgio 2 18 T 15
VUV Search incident X-ray energy
Time sequence . Onresonance . Offresonance . Onresonance . Offresonance

Beam irradiation ‘ 10 min. | ‘ 10 min. | ‘ 10 min. | ‘ 10 min. |

Isomer production

Measurement




r Overview of VUV Setup 11

X-Ray Measurement Chamber .
Irradiation Spherical —
Chamber Move to Mirror
---------------------- .- P | |
—13 | _ —" @ Lens 4 times reflection
Dichroic
Mirrors
Pneumatic|
cylinder o
Dichroic Mirror Assembly
Sprei TR TP, ; iﬁﬁx?@% i
Crystal holde
29Th:CaF,  —'Y
Crystal
(~ 1 mm?3)
made by TECHNISCHE
UNIVERSITAT

WIEN




Wavelength Selection and Efficiency 12

-

Total Reflectance of 4 Prisms Assy

0.30 : |
—— 145nm (old)
s | | | | 1>9nm
0.25 TR —— 145nm (new)
020 T T N T i T S
@
O
-
B 0 e TR e B Y B ma A mmy o e e e e I e N Ry
¥
Q
v
Q
©9%104+——-—m—rtoo-- . I 4 L s A
0 e s e B 5 e O R
[/151.1nm x 20|
| ) 0=2.4nm i
0.00 e e I

130 135 140 145 150 155 160 165 170 175 180
Wavelength / nm

e Signal wavelength is determined by several variety of the prism assembly
which has four dichroic mirrors.

e Reflectances of Dichroic mirrors had been measured by our own
measurement system which will be introduced later.

e S\ W\ ... & ©  \/
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R

Counts / 20 s/set (8 sets)

e Time sequence

On resonance

Underflow

10

O_I

. Photoluminescence

Overflow
Integral

%2 / ndf
pO
p1
p2

0.25

0

130.8

64.93 / 57
4.008 +1.036
42.75+12.73
1.902 + 0.068

O 200 400 600 800 1000 1200

Time[s]

VUV Search Status

Counts / 20 s/set (8 sets)

Off resonance

Underflow

~  Photoluminescence |rO

Overflow
Integral

%2 / ndf

0.125

0

126

51.62 /57
2.453 £0.947
40.94 +£19.08
1.91 £0.07

I

I !

OO 200 400 600 800 1000 1200

Time[s]

e Most B.G. event such as radioluminescence was cut by veto

 No indication of the VUV signal so far

e Specification of optical setup is still unknown

L W\ W\ /7 & W @ \/

13
Subtraction of
On and Off resonance data
3
2 Ht
1 - | LI
[ 'F'
I L
I il
3 gy
1 . | |
_2:_...|...|..1|...|...|...
0 200 400 600 800 1000 1200

Time[s]

e (10 min. irradiation + 20 min. measurement) x (On, Off res.) x 8 sets




Net Efficiency of VUV Search 14

WY 2 Y Yy W N e —
VUV setup (owmmrs.

Spherical PMT
Mirror

P
— 4» Lens

k A Dichroic

Mirrors

* Net efficiency: &€ =11 ¢
 Transmittance of the CaFz crystal ( 0.57 )
* Reflectance of spherical mirror ( 0.87 )
» Reflectance of dichroic mirrors These are necessary to evaluate the transition rate
(0.6/1 mirror @150nm )
e Transmittance of MgF2 lens ( 0.87 )
 (Geometrical efficiency ( 0.0855 )
e Quantum efficiency of VUV PMT ( 0.23 )

—o Surface roughness varies with crystal
e custom-made radioactive crystal

4

Measurement svstem has been developed




r Measurement System of Optical Components 15

|Spectrometer|

Narrow

Band-width : ,,""'Slit
. VUV Pinhole I

"- R ; AX~1 nm o ‘ .
\ ‘ 0.2 mm :

diameter

Grating

)

Output irradiance (%) D2 Iamp Spectrum ........... .
00 e
90 ﬂ
? D, lamp
70

i / Effective Region:
10 115 nm - 300 nm

0
| T T T T T T T

110 120 130 140 150 160 170 180
Wavelength (nm)

D200F-HV, Heraeus
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Motorized Stages 16

‘ e PMT stage  Target stage
* Rotating around center * Moving horizontally
| * Moving vertically * Moving vertically

)
)
“oflelle

5[ ~ Monochromatized
VUV

Monochromatized
 Rotary stage makes us can measure reflectance VUV

and transmittance by rotating PMT around a target
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How to Get Spectra? 17

‘ \le-8 Spectrum of Component
< 6
| <
34
5 Actual Spectrum
I VoV & 700 ] T
| 0 1 — M\N/ \WW % 0.8
oC
_ _ _ 100 120 140 160 180 200 0.6 1t ot \
Such as dichroic mirror Wavelength / nm / \
o 04l ) A
+ =l
0.2 ' \
s Spectrum of Dz Lamp iR e AWt
[\ﬂ 100 120 140 160 ‘ 180 200
< © Wavelength / nm
~
T
D 4
O
STV G
© 2 . \
VUV = | K
= OJW/ SRR SRR AR

100 120 140 160 180 200
Wavelength / nm
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Signal Estimation of VUV Search

e Monte Carlo estimation of signal rate
o Timedependrate : Ri...iion(!) = Risomerll — €Xp(—=T1/7)] exp(—t/7)
® 7 ! Lifetime of 229mTh

e 7":lIrradiation time of X-ray beam from SPring-8

® Risomer : Production rate of 229mTh ( known by NRS measurement )

e Net efficiency : f= Hifi

 Transmittance of the CaF; crystal ( 0.57 )

Reflectance of curved mirror ( 0.87 )
Reflectance of dichroic mirrors

(0.8/1 mirror @150nm )
Transmittance of MgF2 lens ( 0.8 )
Geometrical efficiency ( 0.0855 )
Quantum efficiency of VUV PMT ( 0.23 )

Counts /20 s * 4 sets

nnnnnnn 0

.................................................................................................... Overflow 0
60 N : : : : : : Integral 2250
| : x2 [ ndf 100.8 /88
B : p? 379=18
— : p 1864 + 191.6
50 - : ;
Je
E '.h |
M T LT
20k
10|
0=

Time[s]

18




Summary 19

G

o 229mTh |s already produced artificially by irradiation with X-ray beam.
 \We are trying to detect VUV signal from 229mTh,

e Beam time on 2022 Jan. has done

 \We minutely analyze the data which are taken on last beam time.

 \We developed characterization system of optical components and measured
properties such as reflectance and transmittance spectra.

 \We'll evaluate absolute efficiency of our VUV search setup and make
upper limit clear which we searched on last beam time. |

.
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Trend of 299Th Experiments in the World 22

h w e an

e HiZs—

JNtC 9 D EhR
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J. Jeet et al,, Phys. Rev. Lett. 114, 253001 (2015)

A. Yamaguchi et al, New J. Phys. 17, 053053 (2015) A=

IECYRRE (229MTh) (C

yid

/)

+ W

o 233U DaREAERL 1D 22 ThIR FRBIEEIRREDYIER T IE

. 29T hPAIER:

Eisomer

Eicomer = 8.28 £ 0.17 eV
Ty (IC) =7 £ 1 s
Ty, (2MTh2*) > ~60 s
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— 8.10 & 0.1/ eV T sikorsky et al, Phys. Rev. Lett. 125, 142503 (2020)

L.v.d. Wense et al, Nature 533, 47 (2016)
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B. Seiferle et al, Nature 573 243 (2019)
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Excluded Region 23

UCLA Exclusion Region

wavelength A [nm]

140 150 160 170 180

lifetime 1 [s]

90 % CL ALS exclusion (Jeet 2015)
100 favored region (Tkalya 2015) —.—.—.- 1
favored region (Minkov 2017)

o | TS, QO%CL UCLA exclusion (unpublished)

8.8 8.4 8.0 7.6 7.2 6.8

photon energy hw [eV]




'\ Difficulties of VUV Search 24

* Optical setup must be put in the vacuum ( < 0.1 Pa)
VUV light can’t pass through in the air because absorption by oxygen

 Absorption coefficient is worse than 10 um-tin the air

 Transmittance and reflectance can’t easily be estimated
e because it is deeply affected by surface condition and crystal purity

 We have developed system to do that and actually measured it.
e \WWe must make the estimate of net efficiency of our setup which aims to VUV search
e [t's necessary to directly measure all components which be included in our setup |

4




Measurement Example 25

1.0

—— Measured IjCM 150nm
o —— Measured DCM 150nm w/ LPF
| == Calculated

0.8 -

o

(o))

-
i

Reflectance
o
»

—
N

o . ——

0.01-

Custom-made mirror

(Dichroic 150 nm) 150 200 250 300 350
Wavelength / nm

* There is discrepancy between calculated spectra and measured one.

 \We can remove uncertainty of Optical components by using such system.
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