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Readout and Noise Sensing Schemes for Qubit Detectors



Dark Matter

DM→SM photon 

Detectors: resonant 
cavity with photon 
detector

DM→electron 
scattering, phonon 
excitation

Detectors:  pair 
breaking detectors

Sub-eV energy 
transfer

DM→nuclear recoil

Detectors: Xenon TPCs

 

DM→electron scattering

Detectors: semiconductor 
charge counting detectors 
(CCDs, HVeVs)

 

mx<< keV keV < mx < MeV MeV < mx < 10 GeV 10 GeV < mx < TeV
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Pair Breaking Detectors: Particle Detection Via Phonon 
Sensing

❏ A particle deposits energy into the device substrate (sapphire) exciting phonons. 
❏ Phonons zips through the chip scattering and downconverting to lower energy 

phonons.

Sensor

substrate

Optical Phonon

Particle 
impact

Cooper pair

Quasiparticle

Sensor on-chip circuit

Acoustic Phonon
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Qubit island



Pair Breaking Detectors: Particle Detection Via Phonon 
Sensing

❏ A fraction of the phonons are enter the superconductor film and break Cooper pairs.

Sensor

substrate

Acoustic Phonon

Cooper pair

Quasiparticle

Sensor on-chip circuit
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Qubit island



Pair Breaking Detectors: Particle Detection Via Phonon 
Sensing

❏ Sensor readout extracts the quasiparticle density
❏ Qubit: The density is probed by measuring the quasiparticle 

tunneling rate. (decay and parity switching rate)

Sensor

substrate

Acoustic Phonon

Cooper pair

Quasiparticle

Sensor on-chip circuit
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qubitJosephson
junction

island

Qubit island
Josephson Junction



Qubit Relaxation

ϵ + ℏ𝜔q

ϵ
|0〉

|1〉

Even ↔ Odd

❏ Energy is transferred from the qubit to the tunneling quasiparticle, relaxing it.
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Γ10 = C10𝞆QP

Qubit State Qubit Parity



Waveform generated from number of 0s per 20 measurements

Noise Sources: Non-QP decay, Readout errors

Energy Sensing With A Superconducting Qubit: Decay
Relaxation Scheme

π0→1 readout

Wait
time

Signal = Readout value is 0

P(signal)≈ Pdecay*(1-Perr) + 

(1-Pdecay)*Perr

Pdecay= PQP-decay + PNQP-decay
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|1〉↔1
Correct
assignment

Wrong
assignment

|1〉↔0

|0〉↔0

|0〉↔1

Qubit state readout Simulated Waveform: 
Relaxation

Active
reset



Parity Switching

ϵ≈ ϵ
Even ↔ Odd

❏ The qubit's logical state is preserved
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Γ00 = C00𝞆QP

Qubit Parity

|0〉

|1〉
Qubit State



Signal = Readout flip |0〉 ↔ |1〉 
between consecutive shots

P(signal)≈ (Pswitch )*(Pnoth + Perr + 
Pswitch) 

+ 2Pnoth*Perr

Signal = Readout flip |0〉 ↔ |1〉between 
consecutive shots

P(signal)≈ (Pswitch +PQP-decay + 2PNQP-decay    

+2Perr)

Energy Sensing With A Superconducting Qubit: ParityEnergy Sensing With A Superconducting Qubit

Direct Parity Measurement

readout

Parity Measurement Scheme

readout

Ramsey Parity Measurement

π/2 π/2
Wait
time

Noise Sources: Non-QP decay, Readout errors
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Waveform generated from number of flips per 
20 measurements

Simulated Waveform: 
Ramsey

Active
reset

arXiv:2405.17192



False Signal Contributions And The Baseline Signal

The contribution of non-QP 
qubit decays to false 
signals.

The contribution of readout 
errors to false signals 

The baseline signal 
contribution from the 
background parity 
switching rate.
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Results From Simulation Of The Ramsey Method
Reconstructed energy from 
simulated Ramsey method where 
energy is deposited into a single 
aluminum qubit island.

The simulated qubit has: 
● xqp0 = 10-9

● phonon to QP efficiency 
ηqp=0.6 

● T1= 100 us and 
● Readout fidelity = 98%, 
● resulting in a sensor resolution 

𝝈E,sensor = 0.47 eV

Preliminary



Estimate Of Energy Resolution Of The Ramsey Method

Preliminary energy resolutions 
estimation from noise only 
Ramsey simulations.

The simulated qubit has: 
● xqp0 = 10-9

Preliminary



Steps To Improve Sensitivity
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● Increase IR filtering/shielding to reduce 

baseline 𝞆QP.

● Integrate parametric amplifiers.

● Investigate charge fluctuation

Improved IR filtering

Parametric amplifier

Stub filter



Offset Charge Fluctuation Of a Ta-on-Sapphire Transmon
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f = fc + Δfᐧcos(2πng)
● Investigating the charge 

fluctuation of our qubits to develop 

ways of mitigating dephasing errors

● Monitored the offset charge via the 

|2〉↔ |3〉transition frequency

● With further investigation we will 

identify the quasi-stable offset 

charge states and quantify the rate 

of charge fluctuation.

Qubit spectroscopy measurement of the |2〉↔ 
|3〉transition measured at QUIET

Source On

27.8 hours

Preliminary

DOI: 10.1103/PRXQuantum.3.030307

Offset Charge Fluctuation Measured at QUIET

70 
hours



Next Steps: Measurement
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● Monitor the quasiparticle tunneling rate after energy deposition in the 
substrate/superconducting film via:

○ Cryogenic steerable photon source 
○ Phonon generating junctions 

Witness junctions for phonon generation
Fabricated By Sara Sussman (Fermilab)

Cryogenic setup for with steerable mirror 



Summary
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● The qubit can be used to detect particle impacts by probing the quasiparticle 
density via monitoring the 
○ Qubit relaxation rate
○ Qubit parity switching rate

● Improving the IR population near the qubit to reduce the background
● Characterizing the detectors with a photon source and phonon injector 

junctions.

This work will enable us to develop an understanding of energy dissipation in 
qubits and move closer to building a prototype dark matter detector.



17 10/08/2025 Kester Anyang | CPAD Workshop 2025

Acknowledgments

This material is based upon work supported by the U.S. Department of Energy, Office of Science, National 
Quantum Information Science Research Centers, Illinois Institute Of Technology.

• IIT: Rakshya Khatiwada (joint w/ FNAL), Kester Anyang, Israel Hernandez, Jialin Yu

• FNAL: Aaron Chou, Daniel Bowring, Gustavo Cancelo, Lauren Hsu, Daniel Baxter, 
Ryan Linehan, Sara Sussman, Dylan Temples

• Northwestern University: Enectali Figueroa-Feliciano (joint w/ FNAL), Riccardo 
Gualtieri, Pratyush Patel, Emmanuela Celi, Grace Bratrud, Arianna Colón Cesaní, 
Alejandro Rodriguez, Deeksha Sabhari









Supplementary



Dark Matter Candidates, Their Detection Channels And Best 
Target materials



Dark Matter Mass Range And Corresponding Detectors

Hochberg, Y., Kahn, Y.F., Leane, R.K. et 
al. New approaches to dark matter 
detection. Nat Rev Phys 4, 637–641 
(2022)

https://www.nature.com/articles/s42254-022-00509-4
https://www.nature.com/articles/s42254-022-00509-4
https://www.nature.com/articles/s42254-022-00509-4
https://www.nature.com/articles/s42254-022-00509-4


Qubit Heating

❏ Energy is transferred to the qubit from the tunneling quasiparticle, exciting it.
❏ Γ01 = C01𝞆QP

ϵ + ℏ𝜔q

ϵ
0

1

Even ↔ Odd
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Dark Matter

DM→SM photon 

Detectors: resonant cavity 
with photon detector

Experiments:
ADMX

DM→electron 
scattering, phonon 
excitation

Detectors: CCDs, 
HVeVs,  pair breaking 
detectors

 Experiments:
SENSEI, SuperCDMS

DM→nuclear recoil

Detectors: Xenon TPCs

 Experiments:
LZ, XENON1T,

DM→electron scattering

Detectors: semiconductor 
charge counting detectors

 Experiments:
SuperCDMS, DAMIC

mx<< keV keV < mx < MeV MeV < mx < 10 GeV 10 GeV < mx < TeV
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