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THE GOAL IS CONTROL

FORTY YEARS IN THE WILDERNESS
*TH-2209
°* MOSSBAUER TO THE RESCUE

LET THERE BE LIGHT!

*TH:LISAF
®* SYNCHROTRONS & LASERS

LET THE SNSPD GUIDE YOU!
* NEW DETECTORS & APPROACHES

Th-229 doped LiSraAlFe
crystal
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THE HEROES OF OUR STORY
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NUGCLEAR STRUGCTURE
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Alpha Decay of a Uranium- 233 nucieus
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e [Ne 229N nuclear Isomeric transition

First on the scene: L. A. Kroger and C. W. Reich, Nucl. Phys. A 259, 29 (19706).

_ 7.8(5) eV
160(10)nm

I' =100 pHz

B.R. Beck et al., PRL 938, 142501 (2007); 1bid., LLNL-PROC-415170 (2009).

229TH = 228TH + n
A\
22 > 22
K=5/2 K=3/2

Spin-orbit and orbit-orbit
Interactions nearly cancel



[he nuclear clock

_ .3(5) eV -
160(10)nm I =100 pHz Q~ 1019

PRL 104, 200802 (2010) PHYSICAL REVIEW LETTERS 21 MAY 2010

Constraining the Evolution of the Fundamental Constants
with a Solid-State Optical Frequency Reference Based on the ***Th Nucleus

Wade G. Rellergert,' D. DeMille,” R.R. Greco,” M. P. Hehlen,” J. R. Torgerson,” and Eric R. Hudson'
'Departmens of Physics and Astronomy, Universiry of California, Los Angeles, California 90095, USA
*Department of Physics, Yale University, New Haven, Connecticur 06511, USA

'Los Alamos National Laboratory, Los Alamos, New Mexico 87545, USA
(Received 4 June 2009; published 20 May 2010)

A NUCLEAR CLOCK AT THESE LEVELS wWOULD LOSE
<40 MS OVER THE AGE OF THE UNIVERSE

THE SOLID-STATE VERSION WOULD LOSE
<3NS/YEAR AND BE HIGHLY PORTABLE



NUCLEAR cLOCK (@ UCLA

NIST F-1 CLOCK RARE THORIUM-229
ISOTOPE

JOURNAL DE PHYSIQUE Collogque C6, supplément au n® 12, Tome 37, Décembre 1976, page C6-691
NATURAL LINEWIDTH OF THE 93.3 keV

~TRANSITION IN “Zn~
W. POTZEL, A. FORSTER and G. M. KALVIUS

Physik Department, Technische Universitit Miinchen, Munich Germany
Abstract. — Using a (Ga)ZnO single crystal source in combi— "~ —*** = ~*gle crystal absorber
of natural ZnO a resonance linewidth of (0.36 + 0.04) um/s » ~1 0 kH y 3 the 93.3 keV tran-
sition in %7Zn. After correction for finite absorber thickness t 3 within the limit of

error the minimum observable linewidth as deduced from a lifetime of 13.4 ps for the 93.3 keV
state.







FInding the iIsomeric transition

The Challenge (~4O yrs): g)enrléiﬁ);;sg)lseokl)igcause of the high Th-229

ne needle:
X~ 10 yHz — 100 pHz

The haystack:
150 nm< A < 170 nm

M=2aX 10mHz

Th-doped crystal
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FIG. 1: (color online). Total Huorescence rate after sample il-
lumination for 1000 s with the ALS is indicated by the shaded
region. This region is bounded by the upper and lower limit

VUV Beam expected for the excited state decay rate, I'.




JUST NEED A MAGIC CRYSTAL!

REQUIREMENTS.:

1. ACCEPTS TH AS DOPANT

2. VUV TRANSMISSIVE

3. LOW PHOSPHORESCENCE BACKGROUND

4. RADIATION RESISTANT

PROCURING TH-2209:

TPPA16502 Th-229 Standardized Solution 7,200.00 per uCi  1,080,000.00
Activity 150 uCi (5.55 MBq)
Calibrated, NIST Traceable

5 mL Th-229 Nitrate in 0.5M HNO3 3 mg = 6 Million Dollars

in 10 mL Flame Sealed Ampoule

Thank you for your continued business.
: This gquotation is good for 60 days.



Fabrication of first 229Th:LiSrAlFes crystal

Second pbatch

Saed

Mirzadeh s ‘
i

Th nitrate from ORNL
converted to Thk4

) 2321 work

O years of wWork, culminated in: O |

s ADIITY 16 grow small crystals =L ‘

e Three 3 mm X8 mm X0 mm xtals e g

s Stable and contains thorium-229. 3%1016/cc 151017/cc






PRL 114, 253001 (2015) PHYSICAL REVIEW LETTERS

Results of a Direct Search Using Synchrotron Radiation for the Low-Energy **Th
Nuclear Isomeric Transition

Justin Jeet,' Christian Schncida.' Scott T. Sullivan,"” Wade G, Rellergert,'' Saed Mirzadeh,’
A. Cassanho,” H. P. Jenssen,” Eugene V. Tkalya,* and Eric R. Hudson'
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(Received 7 Febeuary 2015; revised manuscript received 2 Apnl 201S; published 23 June 2015)
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UCLA VUV laser system

4-wave mixing VUV source: Pulsed dye laser + Xe cell
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UCLA VUV laser system

I9Th Search with Pulsed VUV Lasor: 394.7884 nm
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UCLA VUV laser search

wavelength A [nm]
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90 % CL ALS exclusion (Jeet 2015)
90 % (favalds eedlional kidgs 2015)
fEammUI@mn (Q\'/fﬁkddw 2018) — -
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CONFIRMATION IN MUNIGCH

Electric RF+DC funnel

Microchannel plate (MCP)
Triodic extraction  detecior

Phosphor screen ©
fre-optic wndow

CCD camera
Quadrupole-ion guide (RFQ),

Bufter-gas stopping coll, 107 mbar

40 mbar

L. VON DER WENSE ET AL., NATURE 533, 47 (201 6)
B. SEIFERLE ET AL., PRL 118, 042501 (201 7)
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ENERGY CONSISTENT
WITH BECK ET AL.
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CONFIRMED EXISTENCE,
2% ISOMERIC
PRODUCED IN DECAY,
AND [E DECAY CHANNEL

Floreacrocs vgrad aérary wrvixl

J. THINKING ET AL., NATURE 556, 321 (201 8)



Internal Conversion

Electric RF+DC funnel
Supersonsc Laval nozzie

Microchannel plate (MCP)
Triodic extraction  detecior Phosphor Screen o

System fbre-optic wndow

CCD camera

LONFIRMED EXISTENCE,
2% ISOMERIC . _
PRODUCED IN DECAY, /
AND |G DECAY CHANNEL "

229sTh

I LIFETIME — |1 US
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SNSPD OPERATIBEN PRINBIPLE

INCCOLCCABORATION WITH:

Sae Woo Nam Galen O’Neil
Varun Verma and Dileep Reddy
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oNoFD IL DETECTION




SoNSPD INFERARRIVAL TIME
HISITOGRAM

Inter-Arrival Time Distribution

EXCESS OF
CORRELATED EVENTS
CONSISTENT WITH IC
DECAY!
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SONSPD I DETECTION

M1608252 B3 EL
T=3.1K

Lambda =375nm
Width = 100 nm
Pitch= 190 nm

15 20 25
Current (UA)

IF BIAS CURRENT IS TOO LOW THE
oNSPD NEVER GOES ‘NORMAL’




SNSPD IE DETECTION

VUV Light

U233

SNSPD



SNSPD IE DETECTION

Event fraction vs VUV

Open IC

Closed corrected IC
Open 128 nm
Open 140 nm
Open 150 nm
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Bias Current (uA)

oOUGGESTED POSSIBILITY OF MEASUREMENT
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Sae Woo Nam Galen O’Neil

Varun Verma and Dileep Reddy
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POSITION HISTOGRAM

-5 0 5
Armrrival Time Difference [ns]

BLAEK: ALL EVENTS
BLUE: SUCEESSIVE EVENTS




15 DETECTION

Inter-Arrival Time Distribution

0 5
Arrival Time Difference [ns]

RED: EVENTS WATHIN 30 Us
BLACK: EXPECTED BGND




15 DETECTION

FOR EACH lIgas:
POSITION CUT LIME CUT

events at
same position

number of events
number of events

uncorrelated
background

-10 5 0 5 10 10 20 30
relative positions of first vs. second event [ns] interarrival time between events [us]

U233 Data

Figure from: Q.Y. Zhao et al., Nature Photonics 11,247-251(2017)
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What's next?

wavelength A [nm]
160

90 % CL ALS exclusion (Jeet 2015)
favored region (Tkalya 2015)
favored region (Minkov 2017)

7.2
photon energy fw [eV]




Energy input

Magnetic ﬁeldI Read-out wp

Thermal link

—
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FWHM=10.2 eV
B 2

N

0 20 30 40
Energy (keV)

AN N At PR Y. T
NATURES O S OUo U U )

Transition energy (eV)

i aENas 2T A NatTaums 2734, 2«43 123 172)
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STALTUS OF THE SEAREGH

wavelenath A [nm]

GLOBAL VALUE

—
()
w

.
=
)

£
+—

—

[EY
()
N

90 % CL ALS exclusion (Jeet 2015)
favored region (Tkalya 2015)
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ITHE SEARGCH GCONILINUES WITH AN UPGRADE

In collaboration with:

Christian Ricky Elwell Justin Jeet Marisa Alfonso
Schneider (Eckert & Ziegler)

Hm

Peter Thirolf  Lars v.d. Wense Benedict Seiferle Florian Zacherl|

(LMU Munich) (now: JILA) (LMU Munich) (LMU Munich)

ristoph Diillmann Dennis Renisch Raphael Hass  Alina Heihoff
(U & HI Mainz/GSI) (U & HI Mainz) (U & HI Mainz/GSI) (U Mainz)

L=l NI I S B SIS Y Step 1: Nuclear laser excitation Step 2: IC electron detection

Detector Detector

I

+2000 V

Photoelectrons
IC Electrons

y, Laser light

““Th target

%

Target substrate Target substrate




ITHE SEARGCH GCONILINUES WITH AN UPGRADE

Laser-Based Search with Thorium Metal

pyro-electric
crystal

aperture

fused silica
window

L. C.von der Wense, B, Seiferle, CS, J. Jeet, ..., E. R. Hudson and P. G, Thirolf: Hyperfine Interact. 240, 23 (2019)
in collaboration with the groups of: P. Thirolf (LMU Munich), C. Ddlimann (U Mainz/GSI), U. Morgner (U Hannover)




S UMMARY

FORTY YEARS IN THE WILDERNESS
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NEW DETECTIONS

U233 Data
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