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DM/Neutrino Activities at LLNL

Dark Matter Detector R&D
• LZ (GeV)
• ADMX (Axion)
• MAGNETO-DM (Sub-GeV)

Neutrino
• nEXO (0nbb)
• Prospect (short baseline)
• Project 8 (neutrino mass)
• BeEST (sub-MeV sterile)
• MAGNETO-nu (keV sterile)



3
LLNL-PRES-851340

Cryogenic Particle Detectors with Crystals

“Metallic” (fast) 
Magnetic sensor

Phonons
DM

Phonon Sensor (TES, MMC, NTD Ge, STJ, KID, etc.) 

Detector crystal
Optimization:
• Sensor energy resolution 
• Type of crystals
• Phonon collection efficiency 
• Particle identification if applicable
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Low Energy EXCESS

NUCLEUS-1g-prototype-2017 
SciPost Physics Proceedings 9 (2022): 001

EXCESS
EXCESS

SuperCDMS-HVEV
Phys. Rev. D 104, 032010 (2021)
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Low Energy EXCESS

• Most of low threshold cryogenic detectors experience excessive background rates at E < 150 eV region.
• Understanding and mitigating the excess background is one of the top R&D priorities.
 à Will fast phonon sensor help for understanding the origin?

SciPost Physics Proceedings 9 (2022): 001

SciPost Physics Submission

(a) Energy spectra of measurements with units of total energy deposition. The apparent peaks in the
CRESST (SuperCDMS CPD) data at 30 eV (20 eV) are caused by the trigger threshold and discussed in the
main text.
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(b) Energy spectra of measurements with units of electron equivalent energy deposition. Note that this
energy scale can only be approximated for SuperCDMS HVeV data (see Sec. 2.1.5).

Figure 20: (a, b) (left, large) Energy spectra of excess observations from the individual
experiments . In all energy spectra, the rise at low energies is visible. (right, small)
Zoom into the excess region of the spectrum [15].

measurements among the collaborations joining the EXCESS workshop. In this paper, we sum-
marized 13 individual measurements performed within 10 collaborations, as presented during
the workshop in June 2021. We attempt to provide an objective view on the observed data and
comprehensively compare the properties of the different measurements. Interpretations and con-
clusions are left to the readers and will furthermore be the topic of a follow-up event planned for
February 2022 [96]. Additionally, a satellite workshop in the course of the Identification of Dark
Matter (IDM) 2022 conference is planned. To uncover the origins of the observed excess signals,
the community encourages the continuing exchange and discussion of ideas and data, and invites
everyone to join the upcoming events planned within this initiative.

36
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Low Energy EXCESS – Origin?

“Metallic” (fast) 
Magnetic sensor

Phonons
DM

Phonon Sensor (TES, MMC, NTD Ge, STJ, KID, etc.) 

Detector crystal
Questions for understanding EXCESS
• Nuclear or electron recoil?
• Thermal or athermal?
• Surface or bulk?

Fast phonon sensor can help understanding EXCESS
à Let’s build DM detectors with fast sensors

Relaxation of mechanical 
stress in glue

Photon, 
electron

SupportSupport



7
LLNL-PRES-851340

Fast Phonon Sensing for Understanding EXCESS

“Metallic” (fast) 
Magnetic sensor

PhononsDM

Phonon Sensor (MMC or STJ) Optimization list:
Optimization:
• Sensor energy resolution 
 MMC (~10 eV) vs STJ (~1 eV)
• Type of crystals and phonon collection efficiency 

MMC-based crystal screening program (MAGNETO-x)
• Particle identification if applicable

Fast phonon sensing will improve pulse shape 
discrimination
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Fast Phonon Sensors at LLNL

Metallic Magnetic Calorimeter (MMC) Superconducting Tunnel Junction (STJ)

Sensor material Paramagnet (Au:Er, Ag:Er) Al-AlO-Al junction

Measurement Total magnetization Tunneling current

Readout Quantum magnetometer (SQUID) JFET Current amplifier

Detector Material Most of any materials Superconductors

Resolution O(10 eV, for LLNL technologies) O(1 eV, for LLNL technologies)

Speed O(100 ns) O(1 us)

LLNL develops “fast” cryogenic sensor technologies for nuclear non-proliferation applications
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MMC with Crystal Absorbers

“Metallic” (fast) 
Magnetic sensor

Substrate

Athermal phonons by 
DM scattering

Dark Matter
Neutrino

Local heating 
by phonons

Magnetic Phonon Sensor

Diamond, Sapphire, Si, etc.

Sapphire

MMC

Large mass, fast timing resolution of O(100 ns) for phonon 
Pulse Shape Discrimination. 

R&D experimental data

Applications: 
• Dark Matter Detection
• Reactor monitoring via neutrino detection
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STJ Working Principle

STJ  Operating Principle

• Completely insensitive to thermal phonons (~1 meV band gap)
• Short excess charge life-time (~µs)

STJ Cross Section

The picture can't be displayed.
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Ta Absorber
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STJ  Signal

• 1 us rise-time
• 300 us decay-time
• Perfect exponential shape
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”BeEST” Experiment with STJs

• Implant radioactive 7Be into STJ  detectors
• Measure nuclear recoil energy of 7Li daughter

• Heavy sterile neutrinos would reduce 7Li recoil
• No quenching was observed

Measure eV-scale nuclear recoil peaks to search for keV neutrinos

Laser Calibration

Consistent with the calculated full 
recoil energy of 56.828eV

Be-7

Li-7

Q=861.8 keV

3/2-

1/2-

3/2-

0.0 keV

478 keV
ES

GS

K,L captures

PRL 125, 032701 (2020)
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keV Sterile Neutrino Searches (Warm Dark Matter Candidate)

Phase-II

Phase-III

Phase-IV (Same E Resolution)

Phase-IV 
(Improved E Resolution)

MAGNETO-1 
($500k, funded)

MAGNETO-nu, keV neutrino search with 241Pu

MAGNETO-$3M

MAGNETO-$15M

BeEST 2021

BeEST, 100 keV neutrino search with 7Be
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BeEST Low Energy Data – Ta events (anti-coincidence)
13

Single pixel spectra for 1 day. Almost all events are from 7Be decays

Unknown peak at ~5 eV (real signal)

1.8 eV FWHM Resolution

Energy calibration with 3.5 eV laser photons

n=1

n=2
n=3

Poisson distribution
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DM Search using Ta Absorbers

The picture can't be displayed.

200×200 μm2 

Ta Absorber

Si Substrate

SiO2

Ta

Al
Al

Al2O3

Motivation: Existing ~1eV threshold detector. Minimal R&D cost.
Or, further R&D for lowering 
energy threshold

Ta Tc(K) Δ (meV) Eth (eV)

Ta 4.4K 1 2

Al 1.2K 0.2 0.4

Hf 0.13 0.02 0.04

36-pixels Ta-STJs
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DM Search using STJ Pixels

BeEST Ta-STJs
36 pixels, Eth=2 eV, 1 year

Al-STJs 360 pixels, 
Eth=0.4 eV 3 years

Hf-STJs 12800 pixels, 
Eth=0.04 eV 5 years

Maybe too low 
detector mass?

CRESST-III, Physical Review 
D 100.10 (2019): 102002.
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BeEST Low Energy Data – Substrate Crystal Events 
(coincidence spectra)

16

Triple+ coincidence events (Si substrate crystal events)

Known background from 
7Be 478 keV Gamma
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• Will STJs see the EXCESS background?
• Better substrate material for DM search?
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BeEST Low Energy Data – Substrate Crystal Events 
(coincidence spectra)

17

Triple+ coincidence events (Si substrate crystal events)

Known background from 
7Be 478 keV Gamma
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• Will STJs see the EXCESS background?
• Better substrate material for DM search?

High-Resolution Superconducting tunnel Junction Detectors
Our superconducting tunnel junction detectors…        …have high energy resolution at 60eV...        …and very low background.

Adiabatic Demagnetization Refrigerator (ADR)

Cold Finger with
STJ detector 
at 0.1 K

Preamps

~0.5 µm thick STJ Detectors with ~2 eV resolution on 500 µm thick Si substrates.

S. Friedrich et al., PRL (2021)

(…and no dead layer.)
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Crystal Selection (Phonon collection efficiency)

γ, X-rays

Alpha-block

Magnetic sensor 

241Am

Si wafer

Source holder

Compare sensor direct hit and crystal hit 
events, to extract phonon collection efficiency

Sensor hit

Athermal

Thermal + delayed

Phonon Signals with model fit

• Sensor response: 0.8 μs Athermal collection time: 4.2 μs 
• Athermal collection efficiency: 28.8% 
• Thermal phonon contribution: 16.2% Energy loss to substrate: 45.1%

Direct 
sensor hit

Si hit

Si hit

Pulse Shape Distribution

Cu substrate

Phonon loss

Phonon collection efficiencies are measured for various substrate crystals, using magnetic sensors
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Crystal Selection (Phonon collection efficiency)

Sapphire SC-CVD PC-CVD Silicon

Athermal 76% 42% Very high 29%

Thermal 15% 47% low 16%

Loss 9% 11% ~10% 45%

Diamond crystals are from SLAC (Noah 
Kurinsky and OSU (Harris Kagan)

High athermal/thermal ratio indicates higher efficiency of athermal phonon collection
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DM Search using Diamond Substrates

Hf-STJs with Diamond substrate
1cm x 1cm x 1mm x 100
Eth=0.1 eV 5 years

CRESST-III, Physical Review D 100.10 (2019): 102002.
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Summary

• STJs used in BeEST experiment exhibit ~2 eV energy threshold (no quenching for NR)
• DM detection sensitivities using STJ pixels (low mass, lower threshold) and substrate 

crystals (higher mass, higher threshold) are calculated
• Two options might be considerable.

• Use existing BeEST detectors (Ta-STJs) for spanning sub-GeV region, for a cost-
efficient experiment.

• Develop Hf-STJs on diamond (or sapphire) substrates for surveying more relevant DM 
cross-section region.
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MMC with Crystal Absorbers – Diamond Crystals

- Diamond crystal detector
- 80 eV FWHM @ 8 keV X-ray
- 160 eV FWHM @ 60 keV gamma

Diamond+MMC is a very promising detection 
method for dark matter and reactor neutrinos

80 eV FWHM 
@ 8 keV

160 eV FWHM 
@ 60 keV


