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Superconducting Qubits – Basics 
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- Microwave circuit pattern 

etched into thin 

superconducting film on 

thicker substrate

- Operated within dilution 

refrigerators at cryogenic 

temperatures: 10 mK

Let’s start with a “boilerplate” quantum device: a superconducting quantum bit (qubit) chip.
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- Microwave circuit pattern 

etched into thin 

superconducting film on 

thicker substrate

- Operated within dilution 

refrigerators at cryogenic 

temperatures: 10 mK

- Controlled/read out by 

microwave pulses

Let’s start with a “boilerplate” quantum device: a superconducting quantum bit (qubit) chip.

6/2/2026

Microwave readout transmission line
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Superconducting quantum bits (qubits) are near-dissipationless cryogenic LC circuits which can 

hold individual microwave quanta (photons) for computation.
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Superconducting quantum bits (qubits) are near-dissipationless cryogenic LC circuits which can 

hold individual microwave quanta (photons) for computation.
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Qubit Island

Josephson junction Anharmonic quantum LC oscillator, with…

- “C” → provided by qubit island 

- “L” → provided by josephson junction

- Excitation = single microwave photon

Anharmonicity is key to addressing single 

energy transition!



Superconducting Qubits – Control 
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Example: exciting a qubit (for either QIS or sensing)

Possible failure modes: 

- If π-pulse is not resonant with ωq, then you may not excite.

- If qubit is excited but you wait too long, excitation decays away.

Time

RF “π”-pulse
(@ qubit frequency)

Additional 

Operations 

using Excited 

Qubit

For useful operation of superconducting qubits, we need good control over qubit frequencies

and good retention of excitations.

Measurement
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Relaxation: excitations lost from the qubit 

to environmental systems/baths. 

- Characteristic time T1

Dephasing: time variation/jitter in the qubit 

frequency

- Characteristic time T2

Superconducting qubits lose information via environmental effects in two broad ways: 

relaxation and dephasing.



Superconducting Qubits – Control 

Daniel Baxter | IDM 2026 8 6/2/2026

Particle impacts create transient bursts of activity in multiple different microphysics channels, 

enhancing qubit information loss to the environment.
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(Entanglement)

Phonon 

Environment

Charge 

Environment

(EM Fields)



Test Facilities – MINOS Underground Near Detector Hall
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Test Facilities – NEXUS @ FNAL

Northwestern EXperimental Underground Site
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Test Facilities – NEXUS @ FNAL

Northwestern EXperimental Underground Site
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Charge Detection with Qubits
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Charge Burst
• Energy deposits create electrons and 

holes in the substrate 
• Trapped charges induce an electric field 

near the qubit
• Changes in the electric field are seen as 

“charge jumps” in charge-sensitive qubits
• ‘locks in’ effect of burst for significantly 

longer timescales: hours-to-days (in the 
absence of external E-field)

Thorbeck et al, PRX Quantum 4, 020356 (2023) [arXiv:2210.04780]
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Charge Burst

Wilen et al, Nature 594, 369 (2021) [arXiv:2012.06029]

• Energy deposits create electrons and 
holes in the substrate 

• Trapped charges induce an electric field 
near the qubit

• Changes in the electric field are seen as 
“charge jumps” in charge-sensitive qubits

• ‘locks in’ effect of burst for significantly 
longer timescales: hours-to-days (in the 
absence of external E-field)
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Charge Detection with Qubits
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Chip w/ four weakly charge-sensitive transmon qubits demonstrates clear correlated

offset charge jumps over long times

• Correlated jumps → simultaneous errors

Wilen et al, Nature 594, 369 (2021) [arXiv:2012.06029]

k
e

V
e
V

m
e

V
μ

e
V

Daniel Baxter | IDM 2026 6/2/2026



Charge Detection with Qubits
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• Repeated long time charge jump 

measurements with 4 different 

shielding configurations (2 shown 

here)

• Change in charge jump rate based 

on configuration visible!

• Running underground → muon rate 

reduced by over 2 orders of 

magnitude compared to at Madison

– Negligible compared to gamma flux

Bratrud et al, Nature Comm. 16, 9906 (2025) [arXiv:2405.04642]
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Charge Detection with Qubits
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Indirect Phonon Detection with Qubits
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• Energy deposits create phonons which 
break Cooper pairs, leading 
quasiparticles to tunnel across the 
junction resulting in qubit decoherence

• Decoherence can be measured as a 
decrease in T1 (increase in error rate)

• Timescale for disruption: 10's of μs to 
100's of ms (depending on 
thermalization method)

T1 Decoherence
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McEwen et al, Nature 18, 107 (2022) [arXiv:2104.05219]
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Indirect Phonon Detection with Qubits
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Linehan et al, PRD 111, 063047 (2025) [arXiv:2404.04423]
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Indirect Phonon Detection with Qubits

This enables full position and energy reconstruction 
of particle scattering in qubit chips

• see Emanuela Celi’s talk earlier this session

Celi et al, (2026) [arXiv:2604.13176]
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Resonant Energy Exchange in Qubits

20

Useful tool for QIS devices: resonant energy exchange (Rabi 

Oscillations) between coupled oscillators.

Transfer 

excitation: b→a

Transfer 

excitation: a→b

Oscillator “a” 

energy

Oscillator “b” 

energy

Hamiltonian of two quantum oscillators “a” and “b” coupled with 

strength g:

When the oscillators’ frequencies are brought on 

resonance, the total system evolves by swapping an 

excitation from one oscillator to the other.

Daniel Baxter | IDM 2026 6/2/2026



Quantum Acoustics
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Quantum acoustics: piezoelectric coupling between high-

overtone bulk acoustic resonator (hBAR) and 

superconducting qubits.

Single-quanta energy exchange has been achieved 

between a qubit mode and an acoustic standing wave at 

few-GHz frequencies (~10μeV)

Piezoelectric coupling 

term

SC Qubit Acoustic cavity 

(hBAR)

As long as you can physically achieve the coupling g, can 

generalize resonant exchange to other systems.

(Proportional to qubit frequency)
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Chu et al, Science 358, 199 (2017) 

Omahen et al, preprint [arXiv:2507.02653] 
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Direct (Quantized) Phonon Detection with Qubits
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Small 

gap SC 

films

If we can control single phonons at the 10μeV scale, we should be able to 

sense environmental phonons at the same energy scale with similar 

technology.

Linehan et al, PRD 112, 115005 (2025) [arXiv:2410.17308] 
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Enectali Figueroa-Feliciano
Northwestern University (NU)

Bryce Littlejohn
Illinois Institute of Tech.

Rakshya Khatiwada
IIT/Fermilab

Tongyan Lin
UC San Diego

Paolo Privitera
University of Chicago

Andrew Cleland
University of Chicago

Ryan Linehan
Fermilab/NU

Dan Baxter
Fermilab/NU
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NEXUS

This facility is the deepest low-background 
underground cryostat dedicated to 
superconducting qubit operation in the USA

– Oxford Proteox w/ up to 16(48) NbTi(SS) RF lines

– 250 ft2 Class 10,000 clean room

– 50 ft2 antechamber for gowning and material 
cleaning

– >99% reduced cosmic ray muon background

– Design of passive radiation shield is underway

Test Facilities – QUIET

Quantum Underground Instrumentation Experimental Testbed

First papers based on qubit data soon!
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Test Facilities – QUIET

Quantum Underground Instrumentation Experimental Testbed
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NEXUS

Dec. 9, 2022 Sept. 29, 2023 May 24, 2024
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Test Facilities – QUIET

Quantum Underground Instrumentation Experimental Testbed
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NEXUS
Photo credit: Dan Savoboda, Fermilab

May 30, 

2024
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Radiation Impact on Superconducting Qubits (RISQ)

Scientific Organizing Committee:

Daniel Baxter, FNAL/NU (SOC chair, QSC)

Travis Humble, ORNL/UTK (director, QSC)

Farah Fahim, FNAL (QSC)

Enectali Figueroa-Feliciano, NU/FNAL (QSC)

Anna Grassellino, FNAL/NU (director, SQMS)

Laura Cardani, INFN/LNGS (SQMS)

Tanay Roy, FNAL (SQMS)

Andrew Houck, Princeton (director, C2QA)

Brent VanDevender, PNNL (C2QA)

Jon Cripe, LPS

Jonathan DuBois, LPS

Andrew Kubik, SNOLAB

Photo credit: Dan Savoboda, Fermilab

https://indico.fnal.gov/event/63132/

2nd iteration on June 15, 2026!
https://indico.slac.stanford.edu/event/10219/
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Fabrication of Devices

Devices made in-house taking data!
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Chip design credit to Ziqian Li of SchusterLab
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Optimization of qubits in QUIET

• Significant improvement over IR shielding of our qubits has improved qubit 
performance enough to begin external radiation studies

• Very interested in studying the dynamics of qubit performance with and without 
radiation present.
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Optimization of qubits in QUIET
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Phonon trajectories along 

caustics in sapphire 

Modeling decoherence from scattering

Creating a full simulation chain to model the decoherence 
response of a qubit to energy-deposition in the substrate 

1. Simulate phonon propagation in the chip, and 
determine phonon collection probability ηph

(G4CMP)
– w/ ground plane: ηph ≈ 0.1%

– w/out ground plane: ηph ≈ 2%

– w/ collection fins: ηph ≈ 15%*

Dominant substrates for superconducting qubit 
chips are silicon and sapphire

Hernandez et al, NIM A 1073, 170172 (2025) [arXiv:2408.04732]
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Modeling decoherence from scattering

1. Simulate phonon propagation in the chip, and 
determine phonon collection probability ηph

(G4CMP) 

2. Model the quasiparticle population dynamics 
in the superconductor

Linehan et al, paper in preparation

Creating a full simulation chain to model the decoherence 
response of a qubit to energy-deposition in the substrate 
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Modeling decoherence from scattering

1. Simulate phonon propagation in the chip, and 
determine phonon collection probability ηph

(G4CMP) 

2. Model the quasiparticle population dynamics 
in the superconductor

3. Model the quantum state evolution and 
readout scheme

Linehan et al, PRD 111, 063047 (2025) [arXiv:2404.04423]

Creating a full simulation chain to model the decoherence 
response of a qubit to energy-deposition in the substrate 

Daniel Baxter | IDM 2026 6/2/2026



Studying Qubit Correlations in NEXUS
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Bratrud et al, accepted for publication in Nature Comm. (2025) [arXiv:2405.04642]

Wilen et al rate on 
surface is 1.35 mHz
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Studying Qubit Correlations in NEXUS
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Bratrud et al, accepted for publication in Nature Comm. (2025) [arXiv:2405.04642]

Wilen et al rate on 
surface is 1.35 mHz

Excess rate not 
explained by 
ambient ionizing 
backgrounds!
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Studying Qubit Correlations in NEXUS
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Bratrud et al, accepted for publication in 

Nature Comm. (2025) [arXiv:2405.04642]

Elimination of correlated 
charge jumps in “distant” 
(>3m-spaced) qubits on 
day-timescales through 
underground operation 
and gamma shielding

Chip design credit to 
McDermott group (UW-Madison)
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Radiation-Induced Decoherence

• Google ran a multiplexed (Sycamore) qubit 
chip and found similar behavior!

• Correlated relaxation errors across the device 
due to energy depositions in common 
substrate (information destroyed every 10s!)

McEwen et al, Nature 18, 107 (2022) [arXiv:2104.05219]
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Radiation-Induced Decoherence

• Google ran a multiplexed (Sycamore) qubit 
chip and found similar behavior!

• Correlated relaxation errors across the device 
due to energy depositions in common 
substrate (information destroyed every 10s!)

McEwen et al, Nature 18, 107 (2022) [arXiv:2104.05219]
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Radiation-Induced Decoherence

McEwen et al, Nature 18, 107 (2022) [arXiv:2104.05219]
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Radiation-Induced Decoherence

• Google ran a multiplexed (Sycamore) qubit 
chip and found similar behavior!

• Correlated relaxation errors across the device 
due to energy depositions in common 
substrate (information destroyed every 10s!)

• Caveat: These events have keV-MeV energy 
depositions 

McEwen et al, Nature 18, 107 (2022) [arXiv:2104.05219]
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Gap-Engineering
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NEXUS
McEwen et al, PRL 133, 240601(2024) [arXiv:2402.15644]
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Witness Detector Development
Cross-calibration devices can be patterned alongside qubits

44

Microwave Kinetic Inductance 

Detectors
Temples et al, Phys. Rev. Applied 22, 044045 (2024) 

[arXiv:2402.04473]

Optomechanical Ring Resonators
Strain sensors embedded under the qubit 

architecture
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Witness Detector Development
Cross-calibration devices can be patterned alongside qubits

45

Microwave Kinetic Inductance 

Detectors
Temples et al, “Performance of a Kinetic Inductance Phonon-

Mediated Detector at the NEXUS Cryogenic Facility” (2024) 

[arXiv:2402.04473]

Optomechanical Ring Resonators
Strain sensors embedded under the qubit 

architecture
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Control & Readout 

• Fully integrated readout & control system for 

QIS, quantum networks, and superconducting 

detectors

• No extra room temperature hardware needed.

• QICK paper made the cover of AIP RSI

• 11 talks at APS March Meeting last year (not including the 2 

from FNAL)

• A factor of ~20 cheaper compared to off-the-shelf 

equipment

• Plans for frequency-multiplexed readout and 

control of multiple qubits soon!

FNAL group has progress on many fronts towards this goal!

QICK = “Quantum Instrumentation Control Kit”

Stefanazzi et al, Rev. Sci. Instrum. 93, 044709 (2022) [arXiv:2110.00557]
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Control & Readout 

• Fully integrated readout & control system for 

QIS, quantum networks, and superconducting 

detectors

• No extra room temperature hardware needed.

• QICK paper made the cover of AIP RSI

• 11 talks at APS March Meeting last year (not including the 2 

from FNAL)

• A factor of ~20 cheaper compared to off-the-shelf 

equipment

• Plans for frequency-multiplexed readout and 

control of multiple qubits soon!

FNAL group has progress on many fronts towards this goal!

QICK = “Quantum Instrumentation Control Kit”

Stefanazzi et al, Rev. Sci. Instrum. 93, 044709 (2022) [arXiv:2110.00557]

arXiv:2311.17171
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Studying Qubit Correlations in NEXUS
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• Ran chip underground at NEXUS, shielded 
from cosmic rays and gammas

• Ramsey tomography maps offset charge 
onto the excited state probability of the qubit

– Qubit state is periodic in applied bias

– State changes with electric field induced by 

environmental charges → charge jumps seen 

as a shift in the phase

– Timescale to re-equilibrate is much longer 

than time per scan

• Scans are taken consecutively over O(10)
hours

time
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Studying Qubit Correlations in NEXUS
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time

• Ran chip underground at NEXUS, shielded 
from cosmic rays and gammas

• Ramsey tomography maps offset charge 
onto the excited state probability of the qubit

– Qubit state is periodic in applied bias

– State changes with electric field induced by 

environmental charges → charge jumps seen 

as a shift in the phase

– Timescale to re-equilibrate is much longer 

than time per scan

• Scans are taken consecutively over O(10)
hours
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Jump Finding Algorithm: Point-by-point c2 Method
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Jump Finding Algorithm: Point-by-point c2 Method
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Jump Finding Algorithm: Point-by-point c2 Method
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Method handles data with higher 
rates of jumps → 4 jumps 
identified in one scan

Jump Finding Algorithm: Point-by-point c2 Method
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