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The Road towards a Nuclear Clock

Atomic clock based on electronic shell 107 3

* Limitations:
Susceptible to the environment, i.e. Stark, Zeeman
Transition-intrinsic properties, i.e. vy/Av

level energy (MeV)

Concept of a nuclear clock based on 22°Th isomer®
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* Low-lying nuclear isomer ~10eV
—> still in range of today’s laser technology
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« Favorable lifetime > AE/E ~ 10-1°
«  Much less susceptible to environment-> expected clock acc. ~1071°@

* new perspectives in ultra-high precision frequency quantum metrology:
—> applications
- sensitivity to variations of fundamental constants ©)

(see also Th. Schumm (TU Vienna) — CERN Colloquium June 11, 2020)

(1) Peik and Tamm 2014 J. Phys. Condens. Matter 26 10
(2) Campbell et.al. 2012 PRL 108 12
(3) Flambaum 2006 PRL 97 9
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Nuclear Structure of the low-energy isomer 22°™Th

Time line of the measured properties:

1976:

2016:
2018:
2019:
2020:

Current status — 22°mTh

First evidence in y-spectroscopy®

Experimental proof of existence®)
Isomer’s magnetic dipole and quadrupole moment(®
E;s, = 8.28(17)eV from conversion electron spectroscopy®

E;s, = 8.10(17)eV from micro-calorimeter y-spectroscopy®

1000 keV

-

* Energy is poorly-defined
* Radiative decay not yet observed

100 keV

* Internal conversion (22°Th9): Ty ;5 ;c = 7(1)107° s ©:6)
* Radiative decay ([?2°Th®*], 22°Th2*,..): Ty /3 yqqa~10% — 10%s

5/2F

Hexp= 0.360(7) by
Qo = 3.11(6) b
(4) Kroger and Reich 1976 Nucl. Phys. A259 1 (8) Seiferle et.al. 2019 Nature 573 7773
(5) Von der Wense et.al. 2016 Nature 533 7601 (9) Sikorsky et.al. Arxiv:2005.13340

(6) Seiferle et.al. 2017 PRL 118 4

E. = 8.10(17) eV
108 s<ty ragiatve<10* S
o = 10°

2291,
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pexp: '0-37(6) Hn
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(7) Thielking et.al. 2018 Nature 556 7701



Population of the iIsomer

%y 52"
Direct laser excitation of 229Th oy "
Q. = 4.9 MeV ——— +
* Energy: T
E;;, = 8.1(17)eV, A =153.1(37)nm, > oo rer -
 lonization potential of thorium: 2.0% !
Tho: 6.1 eV — Thi*: 11.5 eV — Th?*: 20 eV 5 o e
88% 9-7%§ ............... ~7Th 32t
Population in o decay of 233U 52t 2297, oy

« 233 feeds the isomer with a 2% branching ratio

Embedded in a solid state matrix: 233U-doped CaF, crystal (transparent at 150nm)

Blocking of IC channel for a Th** charge state in a Ca2* substitutional position(19)

85keV recoil of the 22°MTh/229Th daughters — lattice position?

Radio luminescence from a-radiation

- Observation of radiative decay to-date not successful

(10) Dessovic et al. 2014 J. Phys. Condens. Matter 26 10
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Population of the isomer in the B-decay of %2°Ac

*2%c 3t
Alternative approach: B-decay of 2°Ac P 1000 keVEAf
Q; = 1.1 MeV _ T
» Feeding of the isomer: 14% indirect T
between 0% and 79% direct 1) > T
° 100 keV ==
* < 6eV recoil energy
—> preservation of lattice location W _
* Ty, = 62.7(5)min allows annealing v 106V -
> optimization of lattice position 70 L L 32t
—’. v
« availability of a pure 22°Ac beam for implantation
and #1Ac for lattice position studies after § decay st 2w oy L

» Laser-ionization and availability of other radioisotopes improve background
characterization

Aims of this proposal

l. Quantification and optimization of the substitutional incorporation of Ac/Th in CaF,
lI. Detection of the radiative decay of the isomer
determination of the radiative half-life

determination of the energy: < 0.1nm accuracy to bridge the gap to laser excitation

(11) E. Ruchowska et al., Physical Review C 73, 044326 (2006).
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Preparatory study at ISOLDE: Lol198

* Implementation of laser ionization of Ac
229Ac beam at LA1: 8.8(2) - 10°pps

438.58 nm

« y-CE-spectroscopy
229Ac beam retarded to 2 keV and implanted in Nb and Au foils 05,
Low-energy electron detection system based on a Channeltron detector ~ data  simulation
= no signature of isomer CE with 4us < T;,, < 80us

-> level scheme in agreement with literature

« Emission channeling of 22°Ac implanted in CaF,
- 90% of 229Ac in substitutional position (preliminary)

=\
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Density (states/eV)
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Density (states/eV)
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|. Characterisation of the Lattice Position

DFT calculation of Th:CaF2 DOS

~ substitutional
= Tota  — F | ]

mé_ca o

E-E, (eV)
interstitial

—  Total — Th{
— Ca — 0
F

E-E;(eV) Taken from (10

B-emission channeling measurements allow to

« develop thermal annealing procedure
to improve substitutional lattice incorporation
— first observation of radiative decay
— future developments towards solid state clock
Beam: > 10°pps 22°Ac beam

. test the inheritance of lattice position in the
B-decay of 22°Ac
Beam: > 10°pps 231Ac beam
Alternative (TAC comment): 231RaF

(10) Dessovic et al. 2014 J. Phys. Condens. Matter 26 10
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ll. Spectroscopy of the Radiative Decay: Methodology

entrance slit

Focussing mirrors

» Implantation into thin (50nm) CaF, crystal on HPGe
Si backing (characterization at KU Leuven)

* Implantation time: 2 half-lives

« Transfer of crystal under vacuum to

spectrometer CaF, crystal

* Crystal positioned close to entrance slit of
VUV spectrometer (design based on
Resonance Ltd customized VM180)

« Activity monitoring using a Ge detector

turnable grating

« Simulation of signal strength and worst-case

PMT detector

background contributions (see next slide)
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ll. Spectroscopy of the Radiative Decay: Background

* Implantation of a 4 mm FWHM ion beam

« Scintillation properties in CaF, Signal (counts/sec.) and background contributions for 3h
a,B: from literature ~1% conversion measurement at 10°pps implantation (2 h)
y: 100% conversion and 2h isomer half-life:
* PMT sensitivity window slit width (mm)
101 10° 10t
» Conservative estimates of e — T — T gl
- photon coll.+ det. efficiency: > 0.01% ? :
- substitutional lattice position: 50% Lot ot
- isomer feeding: 14% ] %
[ T T T T T T T l% 10° 3 F 107 Eﬁ
10 - o o
0 i % CaF ] c 1 [ E
2 i S 107" 3 =107 3
@ 08L c /photolummescence_ O E 3 @
ol |3 5 3
> 2 g [ S
a 06r B CaF . T 1072 3 e : F1072 x
8 - = radioluminescence 1 © ] It — signal . &
ow 04+ c - ] s —-—-- total background i
":E; I % 10-3 P ——- radioluminescence +1073
S 0.2+ = 4 ol ——- gamma detector inter. [
I E | -—- dark counts I
0.0F Juiwans i 10-* +—<"————— —— T ———————+ 10~¢
. . . . J . . 10! 10° 101 10?

— ! ! ' ! spectrometer resolution (nm)
100 200 300 400 500
wavelength (nm) Taken from (11)

(11) Stellmer et al. 2015 Scient.Rep. 5 1
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Summary

Study of the Radiative Decay of the Low-Enerqy Isomer in 22°Th

Advantages compared to previous attempts:

> 14% feeding of the isomer in the B decay of 22°Ac (versus 2% in o decay of 233U)

* Implantation into a thin CaF, crystal - substitutional position: low recoil energy after  decay
(<6eV)

« T,,(??°Ac) = 62.7 min: annealing and manipulation
 Availability of a pure 22°Ac beam: less crystal damage

« Resonance ionization and availability of neighboring mass actinium: control of the
background conditions

« Study of 231Ac — 231Th: assess the stability of substitutional incorporation against low-recoil
B-decay

Instituut voor Kern- en Stralingsfysica KU LEUVEN




Beamtime Request

« Optimization of extraction of 23'Ac or 231RaF
3 shifts

« Emission channeling measurements
Quantification and optimization of the substitutional incorporation of Ac/Th in
CaF,Study of the lattice position inheritance in the low-recoil -decay (?3Ac or
231RaF — comment from the TAC)
2 shifts (multiple collections of 2h spread over several days)

« VUV spectroscopy of the radiative decay
6 shifts (>20 collections of 2h spread over several days)

Instituut voor Kern- en Stralingsfysica KU LEUVEN







Spectra
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Lol198: Delayed y-electron coincidences and CE strength

107 hdn 5 PR :h:-::—._--—-7'1—;"‘1""-":*-‘ ————— |
T g . R W i i A [ el
(TN Y I A A N B Sensitivity to presence/absence of isomer signal
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S o ) - b )
g P";ﬂ';*‘f';‘;-r—--"--ﬁ-- bbb ag b R #observed counts(t;c) + 2 - uncertainty
3 ) s | T NPT —
° R R oo nICBTUAG #expected counts
~==- niobium expected counts
—————————————————————————————————————————— -l R > 1: No isomer signal detected
--- gold expected counts .
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DFT calculation of Th:CaF

_ — Total — Tot | T |:' — 'Il'otal
250 = ca 250 - Cc;a — Tn — Ca
— A F
S 200 m s 3 5
w : 0 )
Z z I
£ 100} [ G
a & a
-2 0 2 4 6 2 4 6 0 2
E-E; (V) E-E; (eV) E-E; (eV)
undoped substitutional Interstitial with O-

charge compensation

Figures taken from: Dessovic et al., JoP Cond. Mat. 2014; 26 (105402)
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Implantation and Photon Source

456.15|nm

A

438.58 nm

10mm
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VUV spectroscopy background

beta and CE spectrum of the 229Ac decay

007 4
« Mean energy deposit in crystal based on 0.06 1
- stopping power/linear attenuation bos
- travelled path in crystal (for isotropic emission) '
= 0.04
contribution Energy deposit per 8 i
decay 2
Y 0.25eV 0027
Xray 2.6eV oL
000 +
B 137ev 1 T T T 1 1 T
0 200 400 &00 800 1000 1200
CE 71leV energy (keV)
radioluminescence spectrum (Stellmer et.al.)
a 31keV (per a) Lo
(from center of 50nm x 1cm x 1cm crystal) 08
» Conversion deposited energy to photon: 3 06
a,B: ~1% z
y: 100% g 04
« Spectral contribution around 150nm: >
worst-case estimate from instrumental noise in 00 |

measurement performed at TU Vienna . : : : : .
150 200 250 300 350 400 450 500

wavelengthinm)
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Contribution Mean activity /rate
B aC kg ro u n d [ activity 318kBq

isomer activity 21 kBq
collected photons at detector 10.5Hz
detected isomer VUV photons 2.1Hz
gamma interactions in PMT detector 17 mHz
detected crystal v radioluminescence <5.7mHz
detected crystal 5 radioluminescence 1.3mHz
detected crystal o radioluminescence 30nHz
radiation induced counts at 150 & 0.5nm | 0.024 Hz
detector dark counts at 300 K 1Hz
slit width (mm)
1071 10° 101
20.0 st — R 20,0
— signal
1754 == background 17.5
—-= SNR
15.0 4 B alpha radiolum. 15.0
= . gamma radiolum. ’ T
z B gamma detector inter. E
= 1257 mmm beta radiolum. 12.5 )
f_.‘; mm dark counts B
g 10.0 10.0 §
2 ©
g 75 75 2
2 o«
8 &
5.0 5.0
2.5 2.5
0.0 0.0
1071 10° 10! 102

spectrometer resolution (nm}

10% implantation rate (pps), 2 hrs isomer half-life, 3 h measurement
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VUV spectrometer

TPMSBO199EA

o o . 100
Transmission Beam: 4mm FWHM Gaussian  12.3% - o CATHONE
through g 7 === T\ SENSITVITY
g R/ SN
2 - 7 Ry
entrance slit E o w [ \X W\
Solid angle Corresponding to F/1.2 3.85% % A S\
=
spectrometer o0 1\ /‘.‘\\
‘o . t =t 1 FQUANTUM —4 i
Reflectivity into 1t order 38% Qu [EFFICIENCY 2= it
c c 3 | Zad
grating+mirrors E — = Resse ZE
2 e '
Quantum @ 150nm 20% £0 o :
oo Q
efficiency PMT 0
detector &
0.01
100 200 300
Total' O 035% WAVELENGTH (nm)
Proposal: (Conservative estimate) 0.01%



Spectroscopy of the Radiative Decay: Methodology

229A¢c beam

- HPGe entrance slit

—

( )

focussing mirrors

1

e

CaF, crystal

exit slit

turnable grating

PMT detector

* Implantation into thin (50nm) CaF, crystal on Si backing

« Implantation time: 2 half-lifes

« Transfer of crystal under vacuum to spectrometer
Crystal positioned close to entrance slit of spectrometer

Implantation

Spectroscopy

(12) Stellmer et al. 2015 Scient.Rep. 5 1
Instituut voor Kern- en Stralingsfysica KU LEUVEN
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Signal and background contributions for 3~ measurment
at 10°pps implantation and 2k isomer half-life:

slit width (mm)

1071 10° 101
PR | i i i PR T | i i i i PR |
10* § - 10!
10° /f =¥ 10°
T 107! 5 107! 2
g 3 S,
© 1 I i
2 1077 4 - 1072 2
= 3 / —— alpha radiolum. E .
S 1 P —— gamma radiolum. : >
e — —_
2 1073 —— gamma detector inter. f 10 i w
% — beta radiolum. <
T -4 4 —— cherenkov 1104w
/ —— dark counts
1 —— signal T
-5 L _5
107 5 ——- background 510
) —-= S5SNR [
106 T —r T ——— . ———+ 10~ %
101 10° 10! 102

spectrometer resolution (nm)




Dependance on the isomer’s half life
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. t1-"2 =1000s l‘m = 1000s
0] Lyp = 70005 35 by = 7000
\‘.,_ by = 150008 typ = 160008
] B _ 30 \
< 20 " S|
© . g
o b \
S A\ c 20 :
L 15 ‘-\ I 9 o ‘\\.._
—g \\I “ -E 15 y. .‘\ N
'_: 10 A = \.\\ ) “~
AN 10 N
™~ A
5 N - 5 \\\. -
0 — - ~— T
01 2 3 4 5 6 7 8 9 10 0

o1 2 3 4 5 & 7 8 9 10

Time (h) .
Time (h)
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Figure 5.9: Influence of the ??*Th isomeric half-life on the VUV-signal strength and total
signal (VUV 4 background). For a 125 min implantation time with a beam intensity of

6 .

10° pps. ae

13 .

R N
12 . 1.6 E
11 3
o« AN 14 QO
Z 10 N E
® N\ 12 &
© d
g 8 \\\ 1 %
< \\“ >
7 \\\\\_ TU
SN 08 B
6 \\‘;‘---\_x =
.
~J 0.6
5
0 05 1 15 2 25 3 35 4
Half life (h)

Figure 5.10: (left) Influence of the half-life on the average SNR using a 2hr measure-
ment time. (right) Total VUV-signal counts during a 2hr measurement. For a 125 min
implantation time with a beam intensity of 108 pps.




Spectroscopy of the Radiative Decay: Methodology

Implantation

* Implantation into thin (50nm) CaF, crystal on Si backing
* Implantation time: 2 half-lives
« Transfer of crystal under vacuum to spectrometer

Spectroscopy « Crystal positioned close to entrance slit of spectrometer

(11) Stellmer et al. 2015 Scient.Rep. 5 1
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Retardation and focusing
electrode

Preparatory study at ISOLDE: Lol198 i

Implementation of laser ionization of Ac
229Ac beam at LA1: 8.8(2) - 10°pps

y-CE-spectroscopy
229Ac beam retarded to 2keV and implanted in Nb and Au foils
Low-energy electron detection based on a Channeltron detector

438.58 nm

2,
> no signature of isomer CE with 4us < Ty, < 80us data  simulation

- level scheme in agreement with literature

Emission channeling of 22°Ac implanted in CaF,
- 90% of 22°Ac in substitutional position (preliminary)

Channeltron detector
0. 3cm (low-energy electrons)

=\

-1

<211> <110> <111> <100>

-1 0

HPGe detector (y)

Implantation target Si-detector (B)
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