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Magnetic Phonon Sensing for DM & Neutrino Detection

Detection Principle:
DM/ν scattering and phonon generation → Absorption to a magnetic sensor and spin flip → Quantum magnetometry 

Ag:Er Magnetic 
Microcalorimeter (MMC)

Superconducting Quantum Interference 
Device (SQUID) for magnetometry

PbWO4 setup for CEvNS

Key Features
- Not a “substrate” style. Use bulk single crystals for heavy mass.
- Fast response of O(10ns) for Phonon Pulse Shape Discrimination and 

active background rejection 
- Compatible with “exotic” crystals (e.g., diamond, PbWO4, Li100MoO4).
- Good scalability, without need of direct sensor fabrication on crystals

χ, ν

phonons

Δ~μeV

168Er Atomic spins

Target Crystal Selection:
- Low-Z crystals (Diamond, SiC) for low mass DM
- High-Z crystals (PbWO4) for CEvNS

SiC setup for DM

Proposed scaling
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Phonon Pulse Shape Discrimination

• Electron recoil background → electron excitation → delayed phonon 
generation → slow phonon pulse shape.

• Phonon-PSD is already proven and utilized for 0νββ.
• Phonon sensor can be as fast as O(10ns), for efficient phonon pulse shape 

discrimination for semiconductor crystals (SiC, Diamond, Ge.)

G.B. Kim, dissertation, 2016

Nuclear Recoil Band

Electron Recoil Band

214g CaMoO4 AMoRE 0νββ experiment

Electron Recoils
(Delayed phonons)

Nuclear Recoils
(Prompt phonons)

Simulation

After Phonon PSD
(Nuclear recoils)

Before Phonon PSD
(CEνNS + background)

Noise

Ge with 100μs e-h lifetime
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Detector Response Example

• Faster sensing speed → better PSD power
• Surface events, thermal signals, and electron recoil signals could be 

separated out with phonon-PSD.

Sensor hit

Athermal

Thermal + delayed

Phonon Signals with model fit

Direct 
sensor hit

Si hit

Si hit

Pulse Shape Distribution

Phonon loss
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γ, X-rays

Alpha-block

Magnetic sensor 

241Am

Si wafer

Source holder

Cu substrate
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Advancement of Crystal Coupling Approach

▪ How do we get heat (phonons) from target into the magnetic foil?
— Faster heat flow => Better discrimination from noise
— Stage-2 has been demonstrated for "Decay Energy Spectrometry" experiments.
 

Chip w/ SQUID & 
Sensor

Target

Chip w/ SQUID & Sensor

Target

Chip w/ SQUID & 
Sensor

Target

Stage 0
• Ag:Er attached to sensor
• Au foil onto target
• Thermal link made by Ag wirebond
• σE=170 eV with 216g CaMoO4, 2014

Stage 1
• Ag:Er foil attached to sensor
• Au foil onto target
• Pressure contact

Stage 2
• Ag:Er foil onto target
• No Au foil
• Target clamped onto 

sensor

Clamping Clamping

Ag:ErAg:Er

Drawing by W. Matava
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Stage-0 Setup: Comparison of Diamond vs Sapphire

~20 μs risetime

- 5mm x 5mm CVD/Sapphire + External 241Am source
- Compare athermal phonon attenuation 

- Phonon sensor hit vs crystal hit pulse shape analysis.
- 20 μs risetime for sensor hit
- 12 eV energy resolution with pc-CVD

Single crystal Diamond, poly crystal diamond, and sapphire are compared

σE = 12 eV

8 keV Cu X-ray
62 eV FWHM

I. Kim et al., Physical Review D 111, 072009 (2025)
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Stage-0 Setup: Comparison of Diamond vs Sapphire

Development of 

Diamond-based Cryogenic Particle Detector 

for Low-mass Dark Matter Search

Inwook Kim1, Harris Kagan2, Noah Kurinsky3, Jiwan Song4, Minkyu Lee4, Geon-Bo Kim1

1 Lawrence Livermore National Laboratory

2 Department of Physics, Ohio State University 

3 SLAC National Accelerator Laboratory

4 Korea Research Institute of Standards and Science

Introduction
Diamond-based cryogenic detectors are especially suited for the low-
mass dark matter (DM) detection for following reasons:

• Lightness of carbon nucleus

• Long electron-hole pair lifetime 

• High phonon collection efficiency expected

We present the test results from an MMC-based cryogenic detector 
equipped with a diamond absorber and compare with the results from 
the same setup with a sapphire absorber.

Plot from CRESST-III PRD 2019

Ge 10 kg year
Diamond
0.35 kg year

* This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-
07NA27344. The work was supported from DOE Office of Science HEP Advanced Detector R&D program and LLNL-LDRD (22-FS-011)      * IM-LLNL-POST-851724

Crystal Characterization 

Conclusion and Prospect

(1) Particle absorption
A particle from source can be absorbed either in the 
crystal or in the sensor
• Sensor hits can be viewed as a single heat deposit 
• Crystal hits create phonons inside the crystal, which 

are collected by the sensor

(2) Phonon dynamics in diamond
• Low mass number à  Larger nuclear recoil à  Low threshold
• High Debye Temperature (2240 K, c.f. 645 K for Si) 
 à  Longer phonon lifetime in crystal
 à  higher phonon collection efficiency
• Good crystal properties

Sapphire Single crystal 
diamond

Poly-CVD 
diamond

c.f. Silicon*

Athermal 76% 42% ~90% 29%

Thermal 15% 47% <10% 26%

Loss 9% 11% <10% 45%

* G.B. Kim et al, NDM22 &EXCESS2022 workshop

Diamond-based detector with the high-
quality poly-CVD crystal yielded a high 
phonon collection efficiency as expected. 

With the low threshold of 70 eV, we 
demonstrate that the diamond-based 
cryogenic detector can search for the low 
mass dark matter in the MeV region

Background: Physics at Low Energy 

Dark Matter (DM), a hypothetical matter thought to 

account for approximately 85% of the matter in the universe, 
has evaded detection despite of decades of efforts. World’s
most competitive experiments are keep increasing their
exposure to scan for the DM particles with smaller
interaction cross-section, and we are currently approacing
the ultimate limit of the neutrino floor.

Another way of searching for the dark matter particles is to
lower the experimental threshold of nuclear recoil detection,
which enables the searches for lower mass dark matter at
the MeV-scale. There are numerous on-going efforts
following this direction.

Since 2020, various experiments have reported anomalous excess appearing at low-

energy region below 250 eV. Several different models have been suggested to explain this 
excess, but the origin of the excess is still not conclusive. 
If the properties of the excess events – are they thermal/non-thermal? Are they electron-
recoil/nuclear recoils? – can be discriminated, it will provide a useful information on the 
origin of the excess. 

DOI: 10.21468/SciPostPhysProc.9.001

Neutrino floor

DOI: 10.1088/1361-6633/ac5754

(3) Crystal-sensor thermal connection
Local heating of the sensor’s paramagnetic ions can be directly read 
without fully thermalizing the phonon absorber.
The thermal connection between the phonon absorber and the 
paramagnetic ions can be done in three ways: 
• Wire bonding – THIS WORK
• Direct mechanical contact – ongoing 
• Paramagnetic ions deposited directly in the absorber

(1) Source (4) Phonon sensor

(4) Metallic Magnetic Calorimeter (MMC)
• Fast response (~100 ns)
• High energy resolution (~10 eV)
• Smooth and linear response (M = 1/T)
• Broad and Flexible Energy range: 1eV – 1GeV

Results

Phonon generation 
& collection 

Crystal hit event modelling
The crystal hit events can be modelled by convoluting:
• Phonon collection in the crystal 
• Sensor response, which can be obtained from the sensor hits

• Experimental conditions
Crystal 1 Properties
• Laboratory-grown single crystal
• 5 x 5 mm, 500µm thick

Crystal 2 Properties
• Laboratory-grown poly-CVD crystal
• 10 x 10 mm, 500µm thick

Operation
• Base temperature at 8 mK
• 4 hours measurement each

Phonon dynamics inside the crystal can be obtained by deconvolution 

Pulse shapes of events at two 
different components

(2) Phonon absorption

Si substrate

Crystal

MMC

Au

To be presented 

@ EXCESS2023

Detector resolution: 
80eV FWHM @ 8 keV 
(0.992%)

Threshold: 70 eV

Sapphire Single Crystal Diamond Poly-CVD diamond

Amplitude and phonon arrival timing analysis for crystal hit vs phonon sensor hit events

Sapphire Single-crystal CVD Poly-crystal CVD

Poly-crystal CVS Exhibited Excellent Performance
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Surface Event Rejection Potential

pc CVD Alpha Sapphire alphapc CVD Photon

• Surface alpha events exhibited different pulse shapes in pcCVD detector (never been observed in sapphire)
• It is likely due to high thermalization rate of phonons. “Dead layer” effect?
• This is similar to the PSD of HPGe, see LEGEND talk, Wed 2:20pm by Louis Varriano

Sensor hit + 
crystal hit)

Surface Event Rejection Might be Applicable with Diamond crystals
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Stage-1 Setup with a Sapphire Crystal 

5 us fast rise by athermal 
phonon

Slow rise by thermal 
phonon

sapphire

Sapphire with a gold pad is 
clamped on a magnetic sensor

• Risetime is reduced to ~5 μs
• Still a large fraction of phonons are thermalized



10
LLNL-PRES-

Stage-1 Setup with a Sapphire Crystal 

CrystalSilicon

Thermal?

• Si substrate hit produces large background
• Non-sapphire hit events were separated by phonon PSD

Al Ka X-rays

Mn-55 Kα

w/o PSD

w/ PSD
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Stage-2 Setup with a SiC Crystal (W. Matava)

Strength
• SC circuits on Si wafer, no fabrication on the detector crystal.
• No electrical or thermal contact to the detector crystal

χ, ν

phonons

SiC

Pick-up coil & transformer

Paramagnetic 
film

SQUID Pick-up coil 
device

Risk
• Risk of magnetic contamination
• Reduced pick-up coil – sensor coupling

High-purity Undoped 
SiC from MSE supplies

SiC results with TES: Aditi Pradeep, Advancing TES-Based Detectors for 
Sub-GeV Dark Matter Detection, Wed 3:20pm
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Stage-2 Setup with a SiC Crystal - Magnetic Coupling Study

Meander-shape 
superconducting 
pick-up coil

Ag:Er
paramagnetic film

W.S. Yoon, dissertation, 2014

P=10μm, h=3μm

• Current 10μm pitch design has magnetic field rapidly decreasing at h>5μm.
• Need optimization to maintain coupling with finite gap in the stage2 setup.

Sputtered 
Ag:Er 20mA

SiC Stage-2
20mA

SiC Stage-2
50mA

STP Boyd et al., IEEE 
Transactions on 
Superconductivity, 2023
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Stage-2 Setup with a SiC Crystal

• First-ever signal with the full stage-2 setup
• ~300 ns 10% - 90% risetime, still limited by the SQUID electronics bandwidth (2MHz)
• No slow rise → very low thermal phonons?
• Energy resolution?
• Phonon PSD for EXCESS?

20μs 
filter

0.5 μs 
filter

Full waveform, 
crystal hit event, 
gamma Compton

Zoom-in

Will be studied

Distinguished 
pulse shapes

Thermal or delayed phonon (τrise= O(100μs))
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Summar and Discussion

• Stage-2 setup was demonstrated with a SiC crystal. 
• Timing resolution: 300 ns signal risetime was observed, and it is still limited by electronics bandwidth.
• Energy resolution: 12 eV energy resolution was obtained with stage-0&1 setup.
• To improve E resolution for O(1 eV): 

• Reduce the size of sensor film. Thickness: 1.5μm → 50 nm. (x30). Area: 4mm2 
→

 0.04mm2 total x3,000 

reduction → Improving energy resolution by (x3,000 – x55)

• Sensor-Pickup coil coupling. Achieved 80%, can further be improved.
• Fully integrate DC-SQUID and pick-up coil (no transformer)

• Superconducting circuit needs development. Pick-up coil optimization (geometry and high critical current, SQUIDs, 
and multiplexing.

• archPbWO4 crystal will be developed for CEvNS detection.

• This work was performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National Laboratory under Contract DE-AC52-07NA27344. 
• The work is funded by Office of Science of Department of Energy, under Advanced Detector Research and Development Program of High Energy Physics office.
• This work was funded by Lawrence Livermore National Laboratory via Laboratory Directed Research and Development program (22 -FS-011).
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Next Step

• Further improvement of energy resolution/threshold
• Select crystal types, sizes, and a total mass scale.
 background, LEE, mass vs E threshold trade-off…
• Operate science runs, 
for DM-nucleon scattering search

100 g-year SiC, Eth = 100 eV
100 dru background rate
(avoid LEE)

Conservative sensitivity with 
1 g-year Diamond, Eth = 10 eV
100 dru background rate
(need to handle LEE)
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States government nor Lawrence Livermore National Security, LLC, nor any of their employees makes any warranty, expressed or 
implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any information, apparatus, 
product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific 
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
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Stage 1 vs Stage 2 SiC Setup

Si chip w/ MMC + SQUID

Fe-55Al Collimator

Phosphor Bronze 
Clamp

Stage-1 SiC @ 6 keV Stage-2 SiC @ 6 keV

Gray: 100 individual pulses, Black: average

Small signal due 
to Stycast1266?
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Stage-1 Setup with a Sapphire Crystal 

Mn-55 X-rays

Al X-ray
1.5 keV

~60 eV threshold
Limited by the MeV-scale MMC

No PSD

After PSD

Mn L Auger 
electronsNoise 

trigger

R
at

e 
[d

ru
]

CrystalSilicon

Thermal?

• Si substrate hit produces large background
• Non-sapphire hit events were separated by phonon PSD
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Stage-2 Setup with archPbWO4 for CEvNS Detection

Natural PWO, Ag:Er direct sputtering for stage-2
→ Damaged during prep

archPbWO4 from Surge Nargony, LNGS 

6-inch Si wafer with SQUID 
array + PbWO4 or SiC crystals
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