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Characterizing Nuclear /EC Decay

Parent

Daughter

Precision  decay experiments typically performed via measurements of:
• Electrons (− atomic Auger, CE, etc.) 
• Positrons (+ and IPC) 
• Photons (-ray, bremsstrahlung, and X-rays) 

~ 0.1 – 10 MeV

< 0.0001 MeV- Decay

EC Decay
< 0.00006 MeV

Unique probe of:
• Quantum nature 

of radioactive 
decay

• Rare SM effects
• Weakly coupled 

new physics
• Exotic new 

particles and 
interactions

BSM Physics!

SM Physics!

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023
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How Challenging are Nuclear Recoil Measurements?

COHERENT@ORNL → > “a few keV”, First observation of CENS

    COHERENT Collaboration, Science 357, 1123-1126 (2017)

BPT@ANL  → A=8  recoils > 700 keV (threshold set to minimize beta)
    M. Sternberg et al., Phys. Rev. Lett. 115, 182501 (2015)

TRINAT@TRIUMF → “…E field accelerates the Ar+ recoils to 4.8–5.3 keV…”

    A. Gorelov et al., Phys. Rev. Lett. 94, 142501 (2005)

Method

Ion Trap
(Paul Trap)

Atom Trap
(MOT)

Scintillator
(CsI[Na])

Semiconductor + 
Superconductor

(Si+TES)

A few current examples:

Largest EC Decay Recoil Energies:

7Be  → 7Li : 0.056826(9) keV
37Ar → 37Cl: 0.009618(5) keV
67Ga→ 67Zn: 0.00804(2)   keV

SuperCDMS@SNOLAB → Si recoils > 0.1 keV, “…the lowest energy probed so far…”

    CDMS Collaboration, Phys. Rev. Lett. 131, 091801 (2023)

Requirements for 
direct decay recoil 

measurements:

11C + Decay 
Recoil Spectrum
(Q=XX MeV)

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023
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The 2023 DOE/NSF NSAC Long Range Plan

• Top US Priority
“…capitalize on past investments 
and operate [FRIB]...”

• BeEST
“Above 10 keV, the BeEST will provide the most 
sensitive search for [new neutrinos] below 1 
MeV…” - $20M

• SALER and Superconducting Sensors
“Superconducting sensor technology is at the 
forefront of emerging ideas in precision nuclear 
science…” - $5M

• “Decadal Plan” for nuclear science released October 2023
• 7th since 1976 (?)
• Sets priorities for DOE-SC NP and NSF NP

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
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Superconducting Tunnel Junction (STJ) Quantum Sensing

• Two electrodes separated by a thin insulating tunnel barrier

• Superconducting energy gap  is of order ~meV
 → High Energy Resolution (~1 eV)

• Timing resolution on the order of s, making it among the 
fastest high-resolution quantum sensors available

 → “High” Rate (104 s-1 per pixel)
Optimal 
technology for 
RIB experiments

~200 nm

50 m

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
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Performance of STJs to sub-keV Radiation

12 hour background spectrum
Single Ta STJ pixel

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
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Calibration and Systematics of STJs and DAQ

• Pulsed 355 nm (3.49965(15) eV) laser at 
5 kHz fed through optical fiber to 0.1 K 
stage

• Stable response and small quadratic non-
linearity (10-4 per eV)

• Evaluate signals from 3 DAQs to evaluate 
signals and possible systematics

ADR: Base Temp 0.07 K

Laser

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023
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Beryllium Electron Capture in Superconducting Tunnel Junctions

Rare-isotope implantation at TRIUMF-ISAC

Ta, Al, and Nb-based STJ Sensor Arrays

50 m

(T1/2 ~ 53 days)

Phase I: PRL 125, 032701 (2020)
Phase II: PRL 126, 021803 (2021)
Phase III: In Progress (data taking complete)

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023

Connor Bray
PhD Student
(CO Mines)

BeEST Experimental Setup
Phase-III

(LLNL)
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7Be Recoil Spectrum: A Rich Playground for Fundamental Physics

• Single pixel
• 20 hours
• 50 Bq

150 m

ER

E ~ 862 keV

7Li

355 nm Nd∶YVO4

(SPE = 3.49965(15) eV) 

~0.1% of Phase-III data

Phys. Rev. C 97, 054310 (2018)
J. Low Temp. Phys. 200, 200 (2020)
J. Low Temp. Phys. 209, 1063 (2022)

KGS: 56.826(9) + EK

KES: 11.296(4) + 17 + EK

LGS: 56.826(9) eV
LES: 11.296(4) + 17

Phys. Rev. Lett. 125, 032701 (2020)
Phys. Rev. Lett. 126, 021803 (2021)

KGS

KES
LGS

LES

• 36 pixels
• 50 days
• 50 Bq/pixel

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
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Nuclear Effects in 7Be EC Decay: Gamma-Recoil Coincidence

478 keV T1/2(7Li*) = 73 fs

Nuclear Recoil
Ek ~ 57 eV QEC ~ 862 keV

Nuclear Recoil
Ek ~ 17 eV

• 20 hours
• 14 pixels
• 10 Bq/pixel

Gamma-recoil coincidence to 
select only recoils from decays to 
the 7Li 478 keV excited state

C. Bray et al., PRL (in prep) (2023)
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The BeEST Collaboration
Keith Borbridge, Connor Bray, Harris Crocker, David Diercks, Spencer Fretwell, Abbi Gillespie, Cameron 
Harris, Calvin Hinkle, Amii Lamm, Kyle Leach, Drew Marino, John Taylor, Ben Waters, Joseph Smolsky, 
Caitlyn Stone-Whitehead
Colorado School of Mines, Golden CO USA

Stephan Friedrich, Geon-Bo Kim, Inwook Kim, Vincenzo Lordi, Amit Samanta
Lawrence Livermore National Laboratory, Livermore CA USA

Ryan Abells, Annika Lennarz, Peter Machule, Dave McKeen, Chris Ruiz, Teja Upadhyayula, Louis Wagner
TRIUMF, Vancouver BC Canada

Pedro Amaro, Mauro Guerra, Jorge Machado, José Paulo Santos
NOVA School of Science and Technology, Lisbon Portugal

Adrien Andoche, Paul-Antoine Hervieux
Université Strasbourg, Strasbourg France

Robin Cantor, Ad Hall
Star Cryoelectronics LLC, Santa Fe NM USA

Jack Harris, Bill Warburton
XIA LLC, Oakland CA USA

Francisco Ponce
Pacific Northwest National Laboratory, Richland WA USA

Leendert Hayen
LPC Caen, Caen France

Xavier Mougeot
CEA Saclay, Paris France

2023 Collaboration Meeting
Livermore, California
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7Be (EC Decay)
Fundamental 
probe of SM and 
BSM neutrinos

229Th (State)
“Nuclear Clock”
Next-generation 
studies of time

229Pa (State)
1010 increase 
in e- EDM 
sensitivity 

Fully Explore the Extensive Nuclear Toolbox
N≈Z Systems (+ Decay)
Most sensitive laboratories 
for CKM unitarity tests and 
searches for exotic 
currents (~10 TeV scale)

FRIB-400 
Production 
> 109 s-1

T1/2 ≤ 1 min

Isomer T1/2 ≤ 10 s
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Coupling an Active Quantum Sensor Array to the RI Beamline

Entrance Chamber
or 

Beamline

77 K
4 K

<100 mK

Si
 S

u
b

st
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te

C

Before Alignment After Alignment Mounted 36-Pixel STJ Array

Al
100 m

Si Mask for Beam Collimation

Si mask

C Al

300 K

500 nm

Ion Beam (1 MeV/u)

8 mm 2 mm 0.3 mm

200 nm 60 nm

C Al

8 m

Al degrader

Ion Beam (~70 keV/u)

* Not to scale (obviously….)
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Beam Requirements – Energy and Purity
11 MeV 11C Beam w/ 8m Al foil
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11.1 MeV 11C Beam

10.9 MeV 11C Beam

For a given energy, initial 
beam from ReA can be 
+/- a few % in spread

1% spread gives ~50 nm 
width in the depth 

profile

Total 11C+ to achieve 
goal: ~107 (< 2 days of 

beam @ 100 pps)

Purity: 1 part in 106

K.G. Leach – SALER@FRIB
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Short-Lived Isotopes in Active Sensor Arrays
• Assembly and testing at Star Cryoelectronics is underway
• Delivery of SALER to FRIB scheduled for January 2024 

SALER Setup on 
GPL2 in ReA3

ReA3

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023
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SALER Construction – Progress as of Today

K.G. Leach – SALER@FRIB
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Where are we Headed with This? – Exotic Weak Currents

L. Hayen and A. Marino (2023)

SALER initially aims to measure

• 19Ne (current most precise)
• 11C (best potential case)

Recoil spectroscopy has O(1) sensitivity to ⍴

crucial for extraction of Vud

What about statistical sensitivity?

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023



PHYSICS.MINES.EDU

Statistical Sensitivity to BSM Physics using Recoils

L. Hayen and A. Marino (2023)

Assuming 108 decays, recoil spectroscopy on all mirrors 
(except 3H) achieves

δa/a ~ 10-4 

• Can reach 108 decays in 1 day with ~128 pixels

• Systematics budget in progress

K.G. Leach – SALER@FRIB
CNRS-MSU IRL Kickoff
December 12, 2023
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Conclusions and Opportunity for Collaboration

FRIB-
Related 

Quantum 
Sensing

Neutrino 
Physics

New 
Particle and 

Force 
Searches

Nuclear 
Medicine 

and 
Applications

Precision 
Quantum 
Metrology

e

Funding

Partners

• SALER assembly is nearly complete
• Delivery to FRIB in January 2024
• Commissioning in Spring/Summer 2024

Specifications:
• <5 eV energy resolution
• 10 eV threshold
• Absolute energy 

calibration (10 meV)
• T1/2<100 ms
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