Prospects of direct Th229m energy

mMmeasurement and search for its v decay
CSN3/TORIO_229

M. Osipenko'!
In collaboration with
M. Taiuti2, R. Caciuffod, R. Malmbeck3, F. Gatti2,
M. Giovannini2, M. Ripani', L. Ferrari Barusso?, B. Siri':2,
M. Fedkevych?, M. Biasotti?, V. Ceriale?

TINFN Genova, 2Universitd di Genova, 3JRC Karlsruhe

Seminar, LNL, 15 April 2021



Atomic and nuclear scales

Radius: 0.5-2 A
Excitations: eV - keV

@ 15=9.192.631.770 RF
oscillations in Cs clock,

@ highly monochromatic
coherentlasers (eV),

@ visible-microwave comb
(8% ~10719),

@ optical ion clocks: YbT,
Alt, Ca™, Srt, Hg" etc.

Nucleus

v > 10" Hz

Radius: 1.3-8 fm
Excitations: keV - MeV

@ incoherent ~-sources,

@ Mossbauer
spectroscopy
(Ar > 10-22),

@ broad linewidth FELs
(% ~ 1073 = 1079,

@ no link to RF electronics.



Atomic clock evolution

@ Cs atomic
fountain -
J. Zacharias 1956,

@ GPS application R (s EEgianEs \ """"""""""""
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@ opticalion clock -
H.G. Dehmelt and
W. Paul (Nobel
Prize 1989),

Q laser cooling -
S. Chu, C. Cohen
and W.D. Phillips
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Atomic clock precision

o Bl ac k Body The Ca'-clock systematic-uncertainty budget table (unitin 10’18).
Rcdicﬂon (BBR) , Fractional Fractional
g Se I’VO freq U en Cy Contribution frequency shift frequency uncertainty
. BBR field evaluation (temperature) 863 19
steering,
g 2d d D | BBR coefficient (Aag) 0 0.3
order Doppler
. Excess micromotion 0 0.4
ShIfTI Second-order Doppler (thermal) -5.0 2.5
0 eleCTrlC ac Stark shift 1.2 13
qucdruple ShifT’ Residual quadrupole 0 2.3
e Zeemcn ShifT, Zeeman effect 0 15!
e S'rork ShifT. Servo 0.0 3.0
Total 859 20

'K.Gao ,Nat.Sci.Rev.7, 1799 (2020).


https://doi.org/10.1093/nsr/nwaa119

Nuclear clock precision

@ first idea from

E. Peik and Type of shift Shift (x 10720) Uncertainty (x10720)
C. Tamm Excess micromotion 10 10
Gravitational 0 10
ELSJ; Pg\é%ls_eﬁé -l ! Cooling laser stark 0 5
( )’ Electric quadrupole 3 3
@ small coupling of ~ Secular motion 5 1
external fields to Linear Doppler 0 1
nUCIeUS Linear Zeeman 0 1
o Collisions 0 1
Q atomic shell Blackbody radiation 0.013 0.013
screening, Clock laser stark 0 < 0.01
o small blOCk-bOdy Trapping field stark 0 < 0.01
Quadratic Zeeman 0 0

radiation. Total 18 15

1C.J. Campbell et al.,Phys.Rev.Lett. 108,120802 (2012)



https://doi.org/10.1103/PhysRevLett.108.120802

Known nuclear isomers

@ 235mMy gt 76.8 eV
with half life
25 min. (IC) or
10' years (v),

Q 22°Th gt 8 eV
with half life 7 us
(IC) or 1 hour (),

All other known

nuclear isomers have
energy >1 keV.
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MTh isomer

@ 43 years from the first indication to the final

confirmation,

@ ~ decay has not been observed so far,
@ induced excitation of 2°Th not yet demonstrated.

Year | Energy Ref.

(eV)
1976 | <100 | L.A. Kroger, C.W. Reich, Nucl.Phys.A259, 29
1990 1+4 C.W. Reich, R. Helmer, Phys.Rev.Lett.64, 271
1994 | 3.541 R. Helmer, C.W. Reich, Phys.Rev.C49, 1845
2007 | 7.6+0.5 | B.R. Beck et al., Phys.Rev.Lett. 109, 142501
2019 | 8.3+0.2 B. Seiferle et al., Nature 5§73, 243



Non-spherical

Th rotafional splitting

@ 22°Th deformed
nucleus (axial),

Nilsson model!
level scheme?:

o

E(Q™[N, nz,A]),
Q =y, [2J+1]
N=n,+n,
AN=1l, [2n. + 1]
deformation
parameter:
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'S.Nilsson,Matematisk-fysiske Med-delelser,29(16)(1955).
2G.Musiol et al.,Kern und El.physik.,Weinheim(1988).
3E.Ruchowska et al.,Phys.Rev.C73,044326(2006).
4A.Hayes et al.,Phys.Rev.C78,024311(2008).
SE.Litvinova et al.,Phys.Rev.C79,064303(2009).



’MTh isomer decay

@ magnetic dipole transition M1: %+ — g+,

Q lifetime'23 (v only):
10.95h
~ "~ 1h, B(M1) ~ 0.025.3
T’y E’%B(M-l ) ) ( ) :U‘N
© ionization energy of 6.5 eV shortens the lifetime (IC) to
104 s in metal? (overestimates 235MU lifetime by 3
orders of magnitude),

. L3+ s+
@ energy scaling from the same transition 37 — 3™ of

233J(312 keV) level yields lifetime of 4 h',

@ scaling from another M1 %+ — %+ transition yields
lifetime of 0.3 h°,

@ clectronic bridge (EB) process may be important in
presence of resonant atomic levels.

'R.Helmer and C.Reich. Phys.Rev.C49,1845(1994).
2\/Strizhov and E. Tkalya.Sovags.JETR72,387( 1991).
SE.Ruchowska et al..Phys.Rev.C73,044326(2006).
4E. Tkalya.JETP Lett.70,371(1999).

5 Jeet et.al.Phys.Rev.Lett. 114.253001(2015).



“Th-based Nuclear Clock

@ Lowest nuclear

exited state!, Comb 23y ) é,e'\s/lx \1/05 y
a 4. e
@ dominant IC - 3* #Th isomeric state l
decay?canbe 8 2 Av_ 1 g2
d “y VUV AE=83eV V 1E
suppresseaq, X = 150 nm
e VUV-laser Laser —\/\/—> M1 transition ~\/\/—>
o ~1h
excitation, /'y !
@ very narrow %229 7340y _
y—linewidThS, 2 Th ground state |y 5.2 MeV g
7 @
e N=]05 - 1012 o 237Np chain
oscillators®5,
v eedback |
FolM N Feedback
oM =
Av

'L.Kroger and C.Reich, Nucl.Phys.A259, 29(1976).

Q >10" - 102 FoM 2B Seiferle et al., Nature 573, 243 (2019).
improvement S\/Strizhov and E.Tkalya, Sov.Phys.JETP 72, 387 (1991).
wrt atomic 4C.Campbell et al., Phys.Rev.Lett. 102, 233004 (2009).
clock SR.Jackson et al..J.Phys.Cond.Mat.21, 325403 (2009).



TORIO-229 proposal (CSN3 meeting 22/06/2016)

@ Direct measurement of 22°Th
lowest level energy and
lifetime in the region 5-50 eV
and 1T ms-1 h,

@ sum of all possible decay
channels: v, IC and EB,

@ cryogenic pcalorimeter with
< 3 eV threshold and <0.5 eV
resolution,

Q 233U, 22%Th and 228Th deposits,

@ background studies with 238U
and 232Th samples,

O signal studies with 23°my (77
eV, 26 m, E3), 227Pu deposit.




ucalorimeter with embedded source (2016)

Cryogenic pcalorimeter heat | Absorber C |
capacity budget: sn%
@ 3.8ng 23U target 17.3 fJ/K, TES
Q IrTES 8 fJ/K, Weak thermal link l G l'rgs

@ Au absorber 0 fJ/K, -V He bath 50 mK @)
@ Si membrane 0.013 fJ/K.
Energy resolution: 1

op ~ VKT2C ~ 0.42eV .
Energy dynamic range 160 eV:

E
AT ~ Cc’:ep<1m;<.

Target activity: 3.8 ng 233U,

1.3 Bg a activity (A=0.35x My[ng]).
or 100 22°Th/h.

Signal decay time:

'FPonce, PhD thesis, LLNL (2017).

Ir TES

Membrane

- He bath 50 mK

D ~ g ~2.5ms .



counts [arb. units]

LMU 44”MTh lifetime measurement (2017)

@ Extension of direct observation experiment!,

@ long 2°MTh3+ jon transport (90 ms),

@ fast decay after impact onto MCP (neutralization),

© neutral 22°Th lifetime (IC)2: 7 + 1 s,

@ 9 orders of magnitude lower than expected (7): 1 h,
Q relative linewidth (IC): ~ 10~ (atomic clock < 10~13),
@ neutral 22°Th ~-decay branching: ~ 10~7 (theor.).

. —
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'[.von der Wense et.al.Nature 533,47(2016),
2B.Seiferle et.al.Phys.Rev.Lett.118,042501(2017).


https://doi.org/10.1103/PhysRevLett.118.042501

pcalorimeter pile-up

Updated decay rate estimate: By 16x10°y
@ 3.8ng 28U target (108 atoms) vy ovcwe & T
3 v
Q 1.3 Bg a activity N e
(A=0.35x MU[ng]), A=163 nm
g 100 229mTh/h, IC decay e 1sev \ A
© 1073 2°7Th  decay/y. )
\ \ s 7340y
Signal decay time: 2 #Th ground state 5.2 Mev
D ~ € 2.5ms. o e
G —
14| Primary
Separation of two decays: 2f
At > rpln e |
secondary 3 8
Probability of separated decay: 7 Secondary

PNeXp’V—z.Sr‘:s“ f\J‘lO_.|55' CTTETT TS T s ® s

Tinme [ns]



TORIO-229 setup (CSN3 meeting 22/06/2017)

@ Fast cryogenic pcalorimeter with
signal full decay time At < 50 us',

@ o-??Tht coincidence,

@ 233y deposited on Si detector,

@ long. range of 90 keV 2°Th+
in Uis 6.7 nm (path 10.7 nm),
in UO, is 8.3 nm (path 16.1 nm),

@ 10 nm thick 233U film with 1 nm Mg
layer or 20 nm thick 233U0O, film,
activity Ay<5 kBq,

@ expected rate of time-separated
events (assumes fic = 7 us):

wcal geom _— At/
R/c ~ AUBQQQmAMCO/ € /he )

1

RECI ~ 10%40.02+107451073 ~ —— .

day
'D.Bagliani et al.,J.Low.Temp.Phys. 151,234(2008).

Si surf.bar.
detector

5 Me'

233U

20pne|  pcal.
»

—K

90 keVv
>50 us
IC decay
v




Primary sources (R. Caciuffo, JRC, Karlsruhe)

First source was deposited by
sputtering on active surface of
Si detector (300 mm?2), in form
of UO, dielectric film with
diameter 10mm and thickness
10 nm:

@ 238U <0.2 Bg (+0.1 Bg 2340,
delivered for background
measurements,

© 233U <5 kBq, authorization

received, waiting for
working TES prototype.

Source requirements:

@ E-loss limitfs thickness
<20 nm,

@ Si-rate limits activity
<40 kHz.

10000
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=
<1
4000

2000

Load ampl
S chamber - — -
E / T 3 C ]
7| Tl e

T

T

2 3 3
Deposited Energy [MeV]



pcalorimeter principles

pcalorimeter operation:

@ constant current flows through
TES without resistance,

@ deposited energy is
tfransformed in heat,

© heat increases TES resistance,

Resi stance [mQ]

%

o B N W A O ® N ® ©
T

T L Lt
95 96 97 98 99 100 101 102 103 104 105

© Resistance reduces flowing Temerature [md o
current, SQUID

© current read by SQUID. Ricas |

Signal:

AT = Egep/C ~ 21U/K . +
Energy resolution: -V TES
oF ~ VKT2C .
SQUID noise: 1 pA/vVHz. L




pcalorimeter optimization

@ Signal decay time
at T =100 mK:

C~ 11J/K
TG ~10WIK
@ T-dependence:
C~AVT o
G~ Ggp~5LVT4  5YT3

10us .

Si
0.02

0.00 ‘ —Tly——— 140
@ 7=100mK—300mK: 2
-0.04 =120
7(100mMK) = o}
~(300mK) ~ TU9OMK) 25 Lo
30 \é' -0.10
3 -02f y 80 -
@ noise power: S ief weome ] Joo |
018 ]
NEP ~ \/ 4kb T2G 5 OO a0z 00 02 04 06 08 10 14
-| 4 3 2 Time (ps) 20
Vhoise ~ [20kaV] / T / }
= 0

0.00 0.;)2 OA£)4 0.2)6 0.08 0.10 0.12 0.14
'D.Bagliani et al.,J.Low.Temp.Phys. 151,234(2008). Bin Centers (mV)
2C.Portesi et al.,IEEE Trans.App.Supercond.25,3(2015).



TES development details
@ design lithographic mask,

O tested Ti-Au and Ir TESs, N il
© tested Nb and Al wiring,

@ PLD of I, sputtering of Nb,

© PMMA+AuU shadow mask!,

@ wire bonding to SQUID, Nowie i
@ alignment of fiber, oo

© SQUID calibrations.

__ Optical fiber

_ B | R=1.010k0 (3%)

/ /AU
| g Ires =694
> Bonding to

_ __——" Ccopperpads \

(on top of

%
S insulating layer) / Vout
: l R (acquired data)
To mixing Ry, =4.79mQ (1%) 3
chamber
i (at base )

Wires to temperature)

SQUID circuit e

"M.Fedkevych et al.,10.1109/TASC.2021.3063328


https://doi.org/10.1109/TASC.2021.3063328

Detector development and characterization

@ developed Ir TES satisfying
experimental
requirements’:

X2 / ndf 21.85/14
signal fall time 7 < 10 zs, o Lo 200000
resolution AE < 1 eV, : SR 03076+ 00020

@ 15x26 um2, 150 nm thick Ir, Septemoer 2019 3

© few um PMMA + 50 nm Au
shadow mask,

Q transition T. = 110.5 mK, L R e v N A R

@ laser calibrations and AR
Poissonian fit, E ol

O analysis of data and R:
extraction of TES
parameters.

M.Fedkevych et al,10.1109/TASC.2021.3063328 *F—— = =



https://doi.org/10.1109/TASC.2021.3063328

TES characterization details

@ high bias current 60uA, .
Q operation at 90 mK< T, :

@ large negative " e———

electrothermal feedback!:

hes (A)

S Tth
o Y1 aP/CT

1 L 1 x10®

#13 @ (87.46 mK : 55.45 pA)
#14 @ (100.9 K : 24.75 uA) #15@ (1056 MK :8.911 pA)

mag ()

;

———,

mag (1)
&

mag )
v‘,_‘_l‘

5181261

Freefreerr

Lavubicuboratioont TS PO -
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' M.Biasotti, internal report (2020),



"MTh energy measurement (2019)

measured 1.77 eV + 6.51 eV (binding) =8.28 + 0.17 eV

MCP |
350

300
250
200
150
100

50

Number of counts

retarding |
field grid

-50

electron spectroscopy

0 -05 -1.0 -1.5 20 -25 3.0 =
Retarding voltage (V) Ther 516 Ic
T —

B4ev) electron
mixed ion —
cloud
collection
/ region ’

. »— '
-
i

\ .
Th atoms
MCP Il

| S—

. IC electron collection

bunching in RFQ time-of-flight (permanent magnet)
(bunch is released at t = 0 ps) separation in QMS

(QMS is operated as an ion guide)

'B. Seiferle et al., Nature 573, 243 (2019).

neutralisation in graphene
(start of the isomeric IC decay)


https://doi.org/10.1038/s41586-019-1533-4

’MTh ~-decay search

WWL‘, |
2
ume (5

@ |IC decay has broad linewidth: ,‘
Av 1.4 x 10°Hz

PMT counts per 100 ms ]

— ~ ~ ]0_10 2 100 L 0
v 2 x 101%Hz ’ :
@ y-decay in neutral atom:
ry 1/1h 0 L
_— ~2x 10
Fe ~ 1/7us = )
@ Th"t ion traps (10° Th/cm3):
3x 107 1%eV B -
o ~10"em== = ~° £ H
Tabs Avsource : 2 0s 2
n, 102 T,

R

Yaec " pXU’Y

0.5 2

e S

7—»7 ~ -lh S AVsource
120 140 160 180 200 220 240
isomer wavelength (nm)

@ wide bandgap crystals with

229Th. CaF 1 MaF a-099 089 095 09
: 2 . Mgra,
LISTAIF, LICQAIF, S.Stellmer et.al.Phys.Rev.A97 (2018) 062506.


https://doi.org/10.1103/PhysRevA.97.062506

Chemical binding IC suppression

@ IC decay requires:
Edecay > Egap-

@ find Th-compound with
Egap > 8.3 6V,

@ theoretical calculations!
suggested Na,ThF, and
ThF, would have
Egap > 8.9 €V, while ThX4
(X=Cl, Br, I) Egap < 6.5 V.

Comp. Bandgap
(eV)
COF2 12
uo, 1.3
UC,UN,UCI,UF 2-3
Other ?

Energy 0K
— Ey=562568V
] 1 En=13+74eV
By =6 meV
£y Eﬁ
<00> <t
& Wave vector
“ \ Heavy holes
Split-off bend Light holes

'J.K.Ellis et al..lnorg.Chem.53 (2014) 6769.

3" 5Th isomeric state

EVAVAVAVAVAVAVAVAY o R SR V0

in solids with
large bandgap
IC suppressed

M1 transition
A E=83eV

VUV)\ 150 nm | T=7us

5*
2 2o ground state


https://doi.org/10.1021/ic500570u

ThF, bandgap measurements (JRC, Karlsrue)

@ 25 nm film of ThF,
grown on Au
substrate,

Q@ XPS measured
valence band

' AE 103ev)}y U
@ BIS measured o j L_,,,,,_“ M b |

ThF, |

s :

IS
~—~

Intensity (arb. units)
N
T

H 15 12 9 6 -12
gongUCTlon Blndlng Energy (eV)
ang, 10 ‘ .
. ThF4 REELS
0 REELS confirmed 8l g =1145ev

XPS-BIS results,
Q Eg=102+02eV,
Q > 8.3 eV, suitable
for nuclear clock —————
moTrix. 50 40 30 20 10 0 -10

Energy Loss (eV)

T.Gouder et al.,Phys.Rev.Research 1 (2019) 033005
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https://doi.org/10.1103/PhysRevResearch.1.033005

ThF, v-decay search

@ H2D2-lamp yields:
~ 10 puW/nm at 150 nm,
H2D2 Lamp

Q it will excite 229MTh: vacuum
'| r 5 dN 150 nm

Nrhooom = nrh22937)\0 - ngm w
e 1 kBq in 1 Cm2 gIVeS: transfer

Irradiation Measurement
~ — ] 4 station station
NTh229m ~ 6.7x10 nm —d)\ oecaaoos 22200
dN
% ~ 0.5 Hz, H2D2 emission spectrum
ANrh229m ldee 2 @
=—""7(1-e 1—e 4
§ = T (1o ) )|
610x0.1x03 & «
SxAcCcxEff/N ~ g
xAcexElr/ Rerg2200s

> 40 deviation in 10-100
measurements.

WAVELENGTH (nm)



ThF, setup in Genova

@ Homamatsu VUV-lamp L11798 and solar blind PMT
R10454, visible veto PMT R1450,

@ vacuum chamber for 1072 mbar,

@ commercial ThF,4 samples from II-VI Inc.,

@ parallel setup in glove box at JRC (Karlsruhe).




Variations of agy, (with respect 1o ag)

@ V. Flambaum in Phys.Rev.Lett.97, 092502 (2006):
ov 6_0[_1_% 5X3 mq,s k o AEC

— ~k=10°x|4 —1022, Xgs =
14 [ o Xq Xs] & Nacp Eiso

leading to sensitivity:

&% ~ 102 /year << 10" /year(current) ,
@ in PRA102 052833 (2020) k ~ —10* was obtained,

leading to év ~ 200 Hz/year.
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https://doi.org/10.1103/PhysRevLett.97.092502
https://doi.org/10.1103/PhysRevA.102.052833

Other applications

@ topological and axionic dark matter detection:
agy and Schiff moment;

@ 2"Th-based nuclear laser:
Zeeman splitting in 100 T magnetic field;

@ GPS (precision 3-5 m):
atmospheric disturbance, clock synchronization and
stability, satellite position;

@ Chronometric geodesy:
10~ 17 clock geodesy at 1 mm, earthquake prediction,
search for natural resources, tests of general relativity,
clock-based gravitational wave detection.

For review see:


https://doi.org/10.1140/epja/s10050-020-00263-0

@ 229MTh is the lowest known nuclear isomer,

@ latest measurements give its energy around 8.3 eV,
corresponding to 150 nm wavelength,

@ neutral 2MTh atom decays through IC in 7 ps,

@ if IC decay is suppressed (by ionization of chemical
binding) y-decay is expected to occurin 1 hour,

@ ~y-decay-only linewidth is suitable for very precise
nuclear clock (10~1? precision on a single atom in
cooled trap, 10~1° precision on a single atom in
crystal),

@ ~y-decay is not yet observed and our experiment is
aiming to search for it in ThF, crystal.



Backup slides



Acceptance Simulations

3
x10
0.8

@ .Cal. is small 200x200 um2, i, 9O
@ it can be installed at 1 mm . ot .
from U-source, !
@ source activity fixed <5 kBq, Sosf SRM - *
@ geometrical acceptance falls Zj t , A !
with source diameter, e
@ SRIM acceptance is flat, T oouron diamoten oy

Q if rp > 7 us and noise ~ signall
only recoils with <100 eV have
to be selected,

@ further reduction of rate by a
factor of 10.

0
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Energy level of <<”MTh isomer

o

o

'B.Beck et.al.Phys.Rev.Lett.98,142501(2007).
2J.Jeet et.al.Phys.Rev.Lett. 114,253001(2015).
31.von der Wense et.al.Nature 533,47(2016).

indirect measurement! by
comparison of 43+29 keV ~s
with 26 eV resolution (HgTe
pcalorimeter with 3 ms decay
fime),

100 1.Ci 233U source covered
by 50 pum Ti foil at 3.5 cm
distance,

direct search at ALS? with
229Th-doped LiSrAIF4 crystal
excluded v-decay in the
region: 1 —2 < 7 < 2000 — 5600
sfor7.3 <E, <88eVat?0CL,

MCP counting observation3,
obtained upper limit <18.3 eV.

Jr E, keV

9/2+ 97.13

@
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2. 5/
O e
4243 X
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20.18 = 20.15|

1243 = 42.43
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@

Counts per 3 eV bin
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7/2* - 7/2*
29391.1eV

29000
P03240-jab-u-002

29200 29400
Energy (eV)

2960(



Primary sources (Roberto Caciuffo, JRC, Karlsruhe)

Sources being to be deposited on
active surface of Si detector (300
mm?2), with film diameter 10mm:

@ 238U metal (10 nm): 0.2 Bq,
© 233U metal (10 nm): <5 kBq,
© 29Pu metal (10 nm): <5 kBq,

+1 nm Mg capping layer, or Axial
@ 238Y0, dielectric (20 nm), A
Q 233U0, dielectric (20 nm), 7=
Q Z?PuO, dielectric (20 nm), —T_ e

@ E-loss limits thickness <20 nm, X=28.6 mm

X/+0.2 3ﬂ
@ Si-rate limits activity <40 kHz, l
@ 2Py smaller size: <2 mm, v
@ 238y rate too low (use 24U7?). —=il ==

/=




Lithographic mask design

@ 5x5 TESs of different size,

@ maximum size 300 M,

@ minimum size 10 um,

@ 30 um arrays read in parallel,
@ Be mask to reduce o heating.

wires




DC SQUID principles

SQuID current:

. e . e
| = /O{sm (00 + %CD) +sin (dg — %cb)} I L || > I
which can be rewritten as — |:‘D 33—
following: =
I

| = 2lysin §g cos T
%




SQUID calibrations
SQuID gain defined as V,+ = Gljy is given by:

9aLn : Hin
=——"" — - lm G=Rp—,
1+ 90aum/Rp  ga—oe it
where g is the op-amp open loop gain,

Vin = 0{‘% - ‘be} » Pino = Minfolinb




pcalorimeter calibrations

Laser based energy calibration!:
@ 439 nm (2.824 eV) blue laser,
@ quartz optical fiber in cryostat,
@ 1-7 photons on TES/pulse,

@ <10 kHz pulse rate,

@ ftiming calibration,

Q pile-up test.

Convoluted Poissonian deposited

energy spectrum:
(Egep/3eV—n)>

Ye F Eew
n!
n
Test on known energy peaks: 23°My
and first atomic levels of U.
' A.Miller et al.,Appl.Phys.Lett.83,791(2003).

Counts

Attenuator
Quarz fiber
Y
Cryostat
y Signal
Digitizer Amplifier
T —
5000 |- l DATA ]
F Fit A=2.1 ]
4000 - 7
£ Bkg.
3000 - 7
2000 - 1
1000 [~ 1 ! 7
o J hal ! T 3
9 10

6 7 8
Area [nVs]



TU Vienna/UCLA

@ UV-transparent crystals (bandgaps 12 and 8 eV):
CaF, (Vienna)! and LICaAIF, (UCLA)?,

Q 2°Th*t ion replaces Ca,

© high number of oscillators (> 10'9),

@ < 10 photons/s spontaneous emission,
@ easy to handle solid state target.

! G Kazakov et al.,New J.Phys. 14,083019(2012).
2W.Rellergert et al. ,Phys.Rev.Lett. 104,200802(2010).

I.Schumm, www.thorium.at
E.Hudson, hudsongroup physics.ucla. edu/229th-nuclear-clock
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University of Michigan/PTB

@ ion trap for 229Th3+,

@ laser cooling,

@ laser ablation source,

@ low number of oscillators (< 109),

© 100 s trapping lifetime,

@ measurement of hyperfine structure of 229Th3+ atom.

'A.Radnaev et al.,Phys.Rev.A86,060501(R)(2012).
2N.Huntemann et al.,Phys.Rev.Lett. 116,063001(2016).
A.Kuzmich, sites.Isa.umich.edu/kuzmich-lab/

@\/ E.Peik, www.ptb.de/cms/en/ptb/fachabteilungen/abtd/fb-44/ag-443.html

S>




U233 and Pu239 Decay Chains

ENDF/B-VIII.0 U233 decay path

a
5.02397E+12 s

V2

229Th T% =23x10"s

o
1287360 s| 864000 s

- (0.007%)

o (99.993%)

B (97.8%)
2735.4 s

ENDF/B-VIII.0 Pu239 decay path

0 0.0462672%)
7.60854E+11 5

235 f% =22x10"%s

#'Paf; =10"

1613052 5

 {1.38%)
6.870721E+8 s|

P 10278%)
12845 516 ms

4 (99.7240)
128.4 5




Thorium Decay Chain

Actinides

| Alkali Metals
Alkaline Earth Metals
Halogens

Metalloids

Noble Gases

Poor Metals
Transition Metals

Stable

Francium

Rado

Astatine

Bismuth
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