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Dark Matter Parameter Space
Mass parameter space: Ranges from 10-22 eV all 
the way to O(10-1000) solar mass black holes!



DOE, Basic Research Needs: Dark Matter Small Projects New Initiatives 2018

Sensing Dark Matter

Wave-like

- e.g. Axions
- large occupation numbers
- may generate a single photon
- How do you detect photons of 10 

ueV to 10 meV (GHz - THz)?

Particle-like

- e.g. LDM
- single particle scattering or absorption
- generate collective excitations like a phonon
- How do you detect a 10 milli-eV energy 

deposit?



Current State of Art

Figure from Chang, Wang Snowmass 2021 

talk (2022)

+ 30 year history of development with validated noise 

modelling

+ Have just demonstrated ~300 meV phonon resolution!!

- Need low Tc →10 mK to improve performance - 

challenging materials + deposition/fabrication R&D 

- Sensitivity ~TC 
3/2 & thermal conductance ~T4 still valid?

- Parasitic power shielding getting onerous?

• Mix received radiation with a reference signal and 

readout in an RF band 

Bath

Substrate

TES

Fin

Al

Thermal link

Transition Edge SensorsHeterodyne Mixers 

• Voltage biased to sit 

at superconducting 

transition

Mixer can be SIS junction, Schottky Diode, HEB etc. with 

some non-linearity

+ Decades of development

+ High spectral resolution, lots of tunability

- These are coherent wavefront detectors, not “single-

photon” detectors – susceptible to quantum limits

- Requires stable high-power LO

- Limited instantaneous bandwidth of O(GHz) 



Current State of Art

Figure from Chang, Wang Snowmass 2021 

talk (2022)

+ 30 year history of development with validated noise 

modelling

- Need low Tc →10 mK to improve performance - 

challenging materials + deposition/fabrication R&D 

- TC 
3/2 & thermal conductance ~T4 still valid?

- Parasitic power shielding getting onerous?

• Mix received radiation with a reference signal and 

readout in an RF band 

Bath

Substrate

TES

Fin

Al

Thermal link

TESs demonstrated down to ~300 meV resolution! 

Transition Edge SensorsHeterodyne Mixers 

• Voltage biased to sit 

at superconducting 

transition

Mixer can be SIS junction, Schottky Diode, HEB etc.

+ Decades of development

+ High spectral resolution, lots of tunability

- These are coherent wavefront detectors, not single-

photon detectors – susceptible to quantum limits

- Requires stable high power LO

- Limited instantaneous bandwidth of O(GHz) 

What else is out there? It’s good to 

have a diversity of approaches



Exploit superconducting physics

Superconductors: conduct electricity with zero resistance below a certain 
critical temperature, due to formation of Cooper pairs – bound pairs of 
electrons that move without scattering

Relevant features: 
- Collective pairing energy is small → ueV to meV binding energies
- Inductance due to Cooper pair inertia → Kinetic Inductance
- Phase-coherent tunneling across a weak link → Josephson effect

Sensor modalities:

DM

Substrate

Absorber
changes in CP density will allow 
you to infer absorbed energy…

photon

phonon
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Kinetic Inductance Detectors

• Pattern superconductor into an LC resonator
• Total inductance = geometric inductance + kinetic inductance
• Measure transmission across resonator → how is the CP density changing 
• Very high resonator Qs  (106) achievable, so thousands of O(GHz) 

resonators can be chained on a single feedline with O(kHz) linewidths → 
simple cryogenic multiplexing

more pair 
breaking

frequency 

dissipation



Kinetic Inductance Phonon Mediated Detectors
Exposure to a radioactive source

Optical 

Fiber

LED testing at Fermilab → 
using expected shot noise 
behavior to perform 
absolute calibration. 
https://doi.org/10.1103/Phys

RevApplied.22.044045 
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small 

device 

@ FNAL

prototype 

device

𝛈ph 0.8% 7% 

𝛔𝐄,𝐚𝐛𝐬 2.5eV 6eV

𝛕𝐩𝐮𝐥𝐬𝐞 ~3ms 50us

https://doi.org/10.1103/PhysRevApplied.22.044045
https://doi.org/10.1103/PhysRevApplied.22.044045


Future Advances
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• Investigating materials like Hafnium, Iridium, AlMn for inductor volume (Tc is 4x smaller than Al → 2Δ ~ 25 GHz).
• Updated trapping geometries akin to currentTES designs

- There may be readout power generated excess 
quasiparticle densities that may prevent progress 
past O(100) meV resolutions.

- Similar concerns for Two-Level System Noise
Al absorberHf inductor



Recent Results

LED testing at 
Fermilab → using 
expected shot noise 
behavior to perform 
absolute calibration. 
See

arXiv:2402.05419

KIPM Consortium 

Reach out to osmondw@stanford.edu if 
interested in participating

mailto:osmondw@Stanford.edu
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Single Photon Counting THz KIDs

Pulse with fitted template
Single 12 THz photon counts under different 

illumination loads

https://doi.org/10.1103/PhysRevX.14.041005

KIDs developed for far-IR telescope mission: successful 
demonstration of single photon counting in the 5-15 
THz regime, mHz dark count rate

Array of 44 KIDs; Resonators on one 

side, lenses on the other

https://doi.org/10.1103/PhysRevX.14.041005


Getting down to sub-THz

• Again, considering low Tc materials with gaps 4x smaller than 
Aluminum → 2Δ ~ 25 GHz. Should reasonably allow counting 1 THz 
photons

• Open questions about low Tc materials: quasiparticle lifetimes, TLS 
noise, fabrication challenges etc.

• Simple hanger resonator architecture under design, to be fabricated 
shortly.
• Need to play with antenna coupling and dimensions and 

absorption probabilities etc. 
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DM searches this technology enables

QUALIPHIDE (Quantum Limited Photons in 

the Dark Experiment) - 10 cm ”Dish Antenna”

BREAD (Broadband 

Resonant Axion Dish 

Experiment), 10 m2 dish in 

a 10 T Field

THz 

Photon 

Detector
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DM searches this technology enables

QUALIPHIDE (Quantum Limited Photons in 

the Dark Experiment) - 10 cm ”Dish Antenna”

BREAD (Broadband 

Resonant Axion Dish 

Experiment), 10 m2 dish in 

a 10 T Field

THz 

Photon 

Detector

You promised me 10 meV resolution sensors…
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Qubits

Use lasers to cool and trap 

ions and put them in 

superpositions

Exploit nuclear spins and 

microwave control

Add electron via nitrogen to a 

vacancy in diamond. Control 

spin with lasers

Artificial atom, e.g. embedding 

electron into silicon lattice Use quantum nature of light

• Quantum mechanical two-
level systems, well defined 
“states” |0⟩, |1⟩ that you can 
superpose, entangle etc.

• Why? Allows you to do 
exciting things in computing. 
This isn’t a quantum 
computing talk… 

• What makes these interesting 
for non-QIS practitioners? 
Relevant accessible energy 
scales is << eV

• Environmental effects at those 
energies affect/modify the 
qubits → e.g. radiation 
detection

Amundsen, 2019 (CHEP 2018)

Hmmm…



Correlated Noise & Cosmic Impacts

Iaia et al. 2022

Google qubit processor 
shows simultaneous errors 
across the entire chip.
Traced to cosmogenic and 
radiogenic backgrounds 

Parity switch rate drops 

~15x 

Phonons are already a 
known problem! One 
mitigation strategy is to use 
normal metal traps to soak 
up phonons

McEwen et al. 2021



Charge Sensitive Qubits

Charging energy (energy to 
add another Cooper pair to 
the island): (2e)2/2Cg

Josephson energy

Dimensionless offset charge: CgVg/2e 

Parity: +1, measure of number of electrons 
(even/odd)) that have traversed the junction

Walraff et al. 2006

• Stick Josephson Junction (SIS sandwich) into 
a circuit with a capacitance and a voltage 
bias, creates a superconducting island that is 
connected to a bulk reservoir.

• Relevant D.O.F: # of Cooper pairs on the 
island



Making a detector

Look at energy levels of HCPB

----------- Odd State
Even State

ng

Note curvature of bands
Interpretable as a 
capacitance!

Difference in transition 
energy from 0 to 1 level 
depending on this 
“parity” state

Make a O(GHz) LC resonator and 
couple this qubit to it – O(MHz) shift 
from this changing capacitance with 
tunneling

Upshot: monitor the 
parity state shifts. 
Tunneling rate gives you 
handle on number of 
quasiparticles created



Quantum Capacitance Detectors

441 QCD device 
Demonstrated at JPL 
for THZ photon 
counting

Shaw et al. 2009, Echternach et al. 2017

KEY POINT: 
Tunneling rate 
is proportional 
to quasiparticle 
density

Time trace of switch 
between even and 
odd parity states

Couple it to a large 
absorber and a 
resonator. Changing 
capacitance affects 
LC of resonator



Qubit Phonon Detectors

Quasiparticle production in “QPD” absorber

E ~ 200 meV

𝜏abs ~ 1 ms

𝜏qp ~ 500 us

N.B: we are seeing pretty good 

pulse lifetimes from KID data 

of 4+ ms

Couple it to a large substrate

Sub-eV sensitivity 
will require low-Tc 
material junctions 
with smaller gap than 
Aluminum



Phonon Sensor Modalities

• No resonator! Potentially large implications for phonon 
sensitivity due to lack of dead-metal.
• Pads can be designed for THz photon coupling, 
inspiration from bow-tie antenna
• https://doi.org/10.1103/PhysRevApplied.22.054009 

describes design

Superconducting Quantum Amplifying TransmonsQuantum Parity Detectors (QPDs)

arxiv.org/abs/2405.17192 describes design and 2 different 
readout strategies using both charge and transmon qubits

https://doi.org/10.1103/PhysRevApplied.22.054009


Backgrounds & Thresholds

• Can make some basic assumptions to determine 
what the background and sensitivity is. 5 meV sensor 
resolutions should be achievable

.



Recent QPD results

•We estimate a quiescent quasiparticle density of between 0.1-1.0 qp/um3!

•Next steps are to understand the device response after injection of phonons.

~1 kHz parity switch rate

1.5 um3 absorber volume
(similar to proposed traps)



Recent SQUAT results

• Fabricated a series of devices, multiple on a 
single feedline, that show good transmission

• Low parity switching rates, consistent with 
low quasiparticle densities

20 Hz parity switch rate observed in 
large devices

Single photon absorption by SQUAT 
qubit results showing difference in even 
and odd state



Fabrication Challenges

•To avoid overlapping structures, we are experimenting 
with junction milling and bandages to pattern the 
junction without overlaps.

•Both methods have shown good results so far!

We need good 
contact between 
absorber and 
junction! Typical 
qubit fabrication 
introduces 
overlapping layers.



Lots of challenges to explore

Material Selection

• Move to lower gap material, 

or introduce QP traps e.g. 

AlMn  → Need to 

demonstrate able to make a 

junction

• KID experience with low Tc 

materials like AlMn has 

been… poor

Offset Charge Drift

• Gate charge drifts on O(10)s

• Currently experiments 

stabilize drift by using 

individual bias lines → lots of 

complexity for many QPDs

Readout scheme

• Sweeping gate 

voltage

• Measurement 

bandwidth

• Resonator design

Absorber Sizing

• Tunneling rate → volume

• Does this match expectation 

with diffusion sizing?

• Saturation effects

• Improve on K~10 kHz um3?

• 1 → 10000 um3 absorber 

means R~1 Hz which is not 

observable

Surface Fill Fraction

To completely absorb energy in phonon

fabsᐧ Nsurf ᐧ fsurf ~ 1

(abs probability x num bounces x surface fill)

Nsurf ~ 103-5 fabs ~ 10-2 
→ fsurf ~ 0.01% - 10%

Phonon-Film Coupling

• Coupling of energy from 

substrate to film η ~ 0.1-

0.34 from different 

experiments

• QP breaking film thickness 

dependent (30-100 nm)

• Phonon absorption lifetime 

𝜏abs ~ 1ms – 1s? 



27

Future roadmap

As of last week (!) we are 

potentially funded to make a 

kg-target (!) worth of low-Tc 

(!) devices in <3 years (!) 

thanks to DARPA for CENNS 

neutrino detection
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Future roadmap

As of last week (!) we are 

potentially funded to make a 

kg-target (!) worth of low-Tc 

(!) devices in <3 years (!) 

thanks to DARPA for CENNS 

neutrino detection

What about 10-100 GHz photons?

Nothing out there that is broadband and photon-counting



• Superconductor-Normal 
Metal-Superconductor 
junction operated under 
bias.

• Idea from the literature 
originally proposed for 
CMB work – some 
design tweaks can 
significantly improve 
responsivity

Use of bias dramatically improves charge 
production vs. pair-breaking sensor 

Cold Electron Bolometers



Potential for cm-wave single 𝛾-counting

Preliminary simulations & 
calculations suggest 
observable pulses from 
O(10) GHz photon 
absorption.

Lots of caveats, paper on 
the arXiv this summer 



THANKS! QUESTIONS?
( k ar t h ik r@ wus tl . e du )
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