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Characterizing Nuclear B/EC Decay

Precision B decay experiments typically performed via measurements of: Recoil Energy Spectrum from

e Electrons (B, atomic Auger, CE, etc.) 1 3-Body Decay (B*)

* Positrons (3* and IPC) ~0.1-10 MeV Maxirmurm Reco
aximum hecol

* Photons (y-ray, bremsstrahlung, and X-rays) Energy

e Quantum nature
of radioactive

decay § Atomic Recoil Energy

 Rare SM effects | Recoil Energy Spectrum from

* Weakly coupled EC Decay 2-Body Decay (EC) Maximum Recoil
new physics o Daughter} < 0.00006 MeV SM Physics! M

* Exotic new [\
particles and BSM Physics!
interactions |

Atomic Recoil Energy
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How Challenging are Nuclear Recoil Measurements?

A few current examples: Method
c@‘\ _ o lon Trap
BPT@ANL Oe > A=8 a recoils > 700 keV (threshold set to minimize beta) (Paul Trap)
o((\ M. Sternberg et al., Phys. Rev. Lett. 115, 182501 (2015)
’\( Atom Trap
TR! o\\c’ <IUMF - “...E field accelerates the Ar* recoils to 4.8-5.3 keV...” (MOT)
QQQ (\ A. Gorelov et al., Phys. Rev. Lett. 94, 142501 (2005)
c\',\o Scintillator
COHERENT@O" e(@ > > “a few keV”, First observation of CEVNS (CsI[Na])
\(\" COHERENT Collaboration, Science 357, 1123-1126 (2017)
‘o((\ Semiconductor +
Supr ,\9’\ WSNOLAB = Sirecoils > 0.1 keV, “...the lowest energy probed so far...” Superconductor
co\ CDMS Collaboration, Phys. Rev. Lett. 131, 091801 (2023) (Si+TES)
W . | .
Largest EC Decay Recoil Energies: 11C B+ Decay | <0.09 ke

Requirements for Recoil Spectrum

) . 7Be > 7Li: 0.056826(9) keV
direct decay recoil 37Ar > 37CI: 0.000618(5) key (XX MeV) e
measurements: 67Ga=> 67Zn: 0.00804(2) keV —T—
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The 2023 DOE/NSF NSAC Long Range Plan

e “Decadal Plan” for nuclear science released October 2023
IR NI Ael © 7" since 1976 (?)
» Sets priorities for DOE-SC NP and NSF NP
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I o p U S P r I o r l tv Sidebar 6.4 Nuclear Decay and Quantum Sensors: From Neutrinos to Safeguards

The i of i in nuclear science provides an exceptionally powerful envi-

‘l [ ] [ ] [ ronment in which to make new discoveries. Leading the charge are experiments to search for new descriptions
of neutrinos that may help elucidate the origin of matter in the universe. These methods, such as the CUPID

'Y X ) c a p Ita I ze o n p a St l nve st m e n t s experiment to search for neutrinoless double beta decay in molybdenum-100, require unprecedented sensitivity

that these state-of-the-art sensors can provide (Figure 1). The CUPID technology uses molybdenum-based scin-

tillating crystals instrumented with quantum-enabled sensors to measure both light and the microscopic heat

” signature created in a single decay event—providing exquisite energy resolution and particle identification.

a n d 0 p e ra te F R I B 'YX ) Other experiments have developed superconducting quantum sensors that are sensitive enough to measure
the tiny energy kick that a lithium atom gets from the neutrino following beryllium-7 electron-capture decay. The

Beryllium Electron capture in Superconducting Tunnel junctions (BEEST) experiment currently performs such pre

cision decay measurements to observe tiny changes in the observed recoil energies (Figure 1). These changes

could be caused by a hypothetical new type of neutrinos: so-called sterile neutrinos. BeEST has set world-leading

laboratory-based limits on whether these sterile neutrinos, which are candidates for dark matter, can have mass-
es below 1 MeV.

L B e E S I The same techniques that were developed for fundamental science have now begun to percolate into nuclear ap-
——— plications for safeguards and nonproliferation. Superconducting microcalorimeters have already been harnessed
1o provide dramatically improved capabilities to quantify fissile and fissionable isotopic inventories. Members of

l‘Ab 10 k V t h B EST H I I H d t h t the International Nuclear Safeguards Engagement Program in the NNSA, several national laboratories, and the

ove e Vi e e WI p rOVI e e m os US Nuclear Data Program are now collaborating to use these sensors 1o improve decay data for the most criti-
cally important isotopes. The results of this work have already enhanced domestic and international security and
promise improved fission product yield data with continued development in this area

sensitive search for [new neutrinos] below 1 e
MeV...” - S20M

* SALER and Superconducting Sensors
“Superconducting sensor technology is at the
forefront of emerging ideas in precision nuclear
science...” - $5M
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Superconducting Tunnel Junction (STJ) Quantum Sensing

* Two electrodes separated by a thin insulating tunnel barrier

e Superconducting energy gap A is of order “meV
- High Energy Resolution (~1 eV)

* Timing resolution on the order of us, making it among the
fastest high-resolution guantum sensors available
- “High” Rate (10* s! per pixel)

¥~ Optimal
Ta Al Al Ta technology for
AlOx RIB experiments
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Performance of STJs to sub-keV Radiation

100 e 10°%
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Calibration and Systematics of STJs and DAQ

Continuous DAQ List Mode DAQ Nuclear MCA
ADR: Base Temp 0.07 K NI PXIe-6356 XIA MPX-32D Ortec Aspec 927
> 25F - -
o C : -
S 20F - -
<= - : -
o 1I5F — —
a i - g
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an - i L
B - | | Jz=="
* Pulsed 355 nm (3.49965(15) eV) laser at I, S T A B R
5 kHz fed through optical fiber to 0.1 K > Olp i g B
stage P o EIﬂ; k 1! l
* Stable response and small quadratic non- 'S 000 fé_;ﬁﬁiﬁ=§!=-¥ﬁ%ﬁf§§i§§f - iiﬁgﬁﬁiiiﬂﬁﬁi ﬂﬁ i _—1 i
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Counts / [0.2 eV]

Recoil Spectrum: A Rich Playground for Fundamental Physics

KGS
- Laser
I Phys. Rev. C 97, 054310 (2018) — Anti-coincident
= T4l J. Low Temp. Phys. 200, 200 (2020) _—
E / J. Low Temp. Phys. 209, 1063 (2022) 150 um
2 ~ . .
E,~ 862 keV i KGS: 56.826(9) |+ E, * Single pixel
—Q 9 wwmmm) £ J KES:11.296(4) 17 +E¢ o 20 hours
7.L v LGS: 56.826(9) gV
" | LES: 11.296(4) }+ 17 * 50 Bq
— ~
re) v e e 29 b o0
I el
_—
i ¥’ I i
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| | | | | | | | I | | | | l 1 L A - b ’1 '” l l ” ’ y 36 plxels
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Nuclear Effects in 7Be EC Decay: Gamma-Recoil Coincidence

y Gamma-recoil coincidence to e 20 hours

Nuclear Recoil #

E,~57 eV Qg ~ 862 keV i .
select.only recoils f.rom decays to * 14 pixels
(e the ’Li 478 keV excited state :
* 10 Bg/pixel
1 05 :_ — Accepted Events
T,(Li*) = 73 fs f/) 478 keV y § — y-Coincidence Events (Scaled)
—_ VAVAVAVAVAVAVAVAVAN 10 B
Nuclear Recoil =
E,~17 eV % s
i -
oS 10°E
~ F
E =
= -
3 10°¢
. : S
. g— ( ” ‘
il eiiall] |
0 50 100 150 200 250 300 350

Enel'gy [eV] 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 - e —

Harris, Calvin Hinkle, Amii Lamm, Kyle Leach, Drew Marino, John Taylor, Ben Waters, Joseph Smolsky, B

Caitlyn Stone-Whitehead

Colorado School of Mines, Golden CO USA

Stephan Friedrich, Geon-Bo Kim, Inwook Kim, Vincenzo Lordi, Amit Samanta N TaYalslal - iy | Office of
Lawrence Livermore National Laboratory, Livermore CA USA M UQDAOTR)EN 'ENERGY  science

l N =%
EMPIR B 9 jyw A’ a2y
Ryan Abells, Annika Lennarz, Peter Machule, Dave McKeen, Chris Ruiz, Teja Upadhyayula, Louis Wagner e e T 0 U S
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 Leendert Hayen
Star Cryoelectronics LLC, Santa Fe NM USA LPC Caen, Caen France

Jack Harris, Bill Warburton Xavier Mougeot
XIA LLC, Oakland CA USA CEA Saclay, Paris France

2023 Collaboration Meetlng

Francisco Ponce Livermore, California
Pacific Northwest National Laboratory, Richland WA USA
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’Be (EC Decay)
Fundamental
probe of SM and
BSM neutrinos
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Coupling an Active Quantum Sensor Array to the Rl Beamline

or
Beamline
| Simask|
(]
lon Beam (1 MeV/u) I £
lon Beam (~70 keV/u) | | I £
C[|Al <100 mK
4 K

degrader

Si Mask for Beam Collimation

(TTTTTTTIT
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0%6%%.
%025 %
D RRHXHK
8955,

20X

%

* Not to scale (obviously....)
Before Alignment After Alignment Mounted 36-Pixel STJ Array
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Beam Requirements — Energy and Purity

11.1 MeV C Beam
11 MeV C Beam w/ 8um Al foil

For a given energy, initial | Tovraxens
I O N RAN GE S ’Eg traggle = 1667 A Kurtosis =339.4184
beam from ReAcanbe £ || | | Al
Ion Range = 8.91 um Skewness =-10.4273 . =
—_ o) S
™ || Straggle = 1524 A Kurtosis = 284.0418 +/ -afew %in Spread g
g < .
v ’og 15000
“~ 35000 . ~ :
» 1% spread gives ~50 nm e || ...
= . . § e
= 30000 width in the depth SRR
H . um - Target Depth - 9.13 l:)m
:n.- 25000 prOflle
~ = 3 § 10.9 MeV *C Beam
. T S = 20000 i
Z = = = Total *'C*to achieve |, 0"
C < < > 15000 gogl: ~¥107 (< 2 days of ¢
‘\\ (b q. Q o 2 35000
. ~l e c S 10000 beam @ 100 pps) ] BN -
: s |0 : .
> i pa 5000 :
=2 <|a <l Purity: 1 partin 106 ¢ &
0 ; (E ;_g 5000
8 um - Target Depth - 9.13 um - — il .
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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

R, A
2 ]‘.“
\!

Star
Cryoelectronics
ADR Cryostat X-ray
Spectrometer w/
cart

34 Mobile
Diagnostics Box

Faraday Cup

. 2o pnee J|I SALER Setup on
1 - GPL2in ReA3

Aperture L]
] m —

Viewport + Camer:

s T I - - I z z ?
PHYSICS K.G. Leach — SALER@FRIB s sermereenzor | Offce of
i ] ICe O
0 COLORADOSCHOOLO g':?:;ﬁig;?;&;‘;c’ff NERGY | science PHYSICS.MINES.EDU




SALER Construction — Progress as of Today
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Where are we Headed with This? — Exotic Weak Currents

SALER initially aims to measure Z::E Mirors |

* 19Ne (current most precise) _ 0.9750 *g%e BSA: [

e 11C (best potential case) 3 0.9725 15 =1 1
0.9700] 0.4% |. 01% | L
0.9675 1 1C ap,

Recoil spectroscopy has O(1) sensitivity to 5 0 5o 30 40

A of initial state
fA . K s o o pecilsope

j[-tmz"r?"oar“

TR T avElE (L AY) i

crucial for extraction of V

Spectral density

What about statistical sensitivity?

O.IO O.IS l.IO l.l5 2.IO 2:5
L. Hayen and A. Marino (2023) Nuclear recoil momentum [mec]
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Statistical Sensitivity to BSM Physics using Recoils

a=1/3
' ' . 10° 5 —— A=0.6 MeV
Assuming 102 decays, recoil spectroscopy on all mirrors | A1 1 e
(except 3H) achieves A
5] - dority
da/a ~ 10*
1073
Species Ftmirer Sag, [10™7] 6Vua[1074] e Tos Tos Toe T Toe
n 104358(6?) 26 36 Number of events
°H 1130.9(10) 49 96 W 05638, Fit 8¢ 0.51635, ba: 0.0002 "
e 3916.9(19) 2.0 2.8 200,000 {b)
i\ 4681.3(49) 1.6 5.0 .
150 4402.5(59) 1.5 6.7 —
'F 2291.2(19) 1.9 4.8
“Ne 1721.5(10) 1.9 4.0 _
| 550, [
 Can reach 108 decays in 1 day with ~128 pixels 5 ;ZjWMMMM

* Systematics budget in progress

Nuclear recoil energy [eV]

L. Hayen and A. Marino (2023)
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Conclusions and Opportunity for Collaboration

* SALER assembly is nearly complete Y(Il ““W

* Delivery to FRIB in January 2024
e Commissioning in Spring/Summer 2024

Partners
B Lawrence Livermore A)) SIAR MICHIGAN STATE
National Laboratory ay TRIUMF CRYOELECTRONICS UNIVERSITY

@ 1 NOVA SCHOOL OF
M C 1 N ‘ VA SCIENCE & TECHNOLOGY
¥/ UNIVERSITY

m """ BERKELEY LAB

Funding

' U.S. DEPARTMENT OF Ofﬂce Of

ENERGY Science
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The EMPIR initiative a-funded by the Eurn Lrii Hun.f( 2020
research d novatio prog amme dh E PR cipating States

NSERC
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PHYSICS
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NC STATE UNIVERSITY Yale University
I ] - Massachusetts NSERC
Institute of ® CRSNG

Technology

Specifications:
* <5 eV energy resolution
e 10eV threshold

Absolute energy
calibration (10 meV)
T,/,<100 ms
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