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Superconducting Quasiparticle- 
Amplifying Transmon (SQUAT)

Design Paper
“The Superconducting Quasiparticle-Amplifying Transmon: A 

Qubit-Based Sensor for meV Scale Phonons and Single THz Photons”,

C.W. Fink, C.P. Salemi et al., [arXiv:2310.01345v2]

Characterization Paper
“A First Demonstration of the SQUAT Detector Architecture:

Direct Measurement of Resonator-Free Charge-Sensitive Transmons”,

H.Magoon, T.Aralis et al., [arXiv:2601.16261]
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Parity Measurement Procedure
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The SQUAT is a charge sensitive transmon directly coupled to 

a feedline, allowing for parity state tracking with a single CW 

readout tone
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[Amin 2024, arxiv:2404.01277]
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Parity Measurement Procedure
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The SQUAT is a charge sensitive transmon directly coupled to 

a feedline, allowing for parity state tracking with a single CW 

readout tone
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Readout tone
Plotting transmission of readout tone as a function of time 

shows tunneling events between parity states



Parity Measurement Procedure
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The SQUAT is a charge sensitive transmon directly coupled to 

a feedline, allowing for parity state tracking with a single CW 

readout tone

Readout tone
Plotting transmission of readout tone as a function of time 

shows tunneling events between parity states



Weak Charge Sensitivity
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Weakly charge sensitive transmon:

First transition energy varies with capacitor offset charge.  

Single QP tunneling events change the charge parity (P), 

causing a measurable shift in qubit resonance frequency.

We typically aim for typically Ej/Ec ~15-20, with a maximum 

parity state dispersion of ~10MHz



Parity Measurement Fidelity Optimization
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Direct feedline coupling makes it is easy to measure tunneling rate of devices with a wide range of 

dispersions, with the understanding that higher dispersions require higher readout tone power
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Plots show expected relations, not actual data



10readout power 
(in units of normalized photon interrogation rate)
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Direct feedline coupling makes it is easy to measure tunneling rate of devices with a wide range of 

dispersions, with the understanding that higher dispersions require higher readout tone power

Parity Measurement Fidelity Optimization

Plots show expected relations, not actual data



Prototype Characterization
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Thus, a change in charge dispersion is visible in the time domain as a change in readout fidelity:

initial charge state
and changes the 

charge state

then, a charge event… causes a tunneling 
rate too high to 
measure…



Sensing Architecture
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Following the QET architecture, we can 

use gap-engineering to trap excess QPs 

in the junction region, enhancing the 

tunneling signal and increasing detector 

sensitivity

12

Capacitor / collector

SC Gap

Δ

Junction



SQUAT Sensitivity Goals
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Simulated sensitivity advantage (assuming Al fins and Tc~100mK junctions):



Design Considerations
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SQUATs can be designed to maximize phonon sensitivity…
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SQUATs can be designed to maximize phonon sensitivity…

● Using large fins to improve phonon collection
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λ/2



Design Considerations
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SQUATs can be designed to maximize phonon sensitivity…

● Using large fins to improve phonon collection

● Minimizing the ground plane to reduce phonon loss

Or to direct absorption of photons

● By designing fins to operate as antennas
● Using a mesh to reduce phonon sensitivity

λ/2
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SQUAT Readout  Dynamics
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Interaction with SQUAT is 

direct, rather than dispersive
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SQUAT Readout  Dynamics
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Interaction with SQUAT is 

direct, rather than dispersive
Integral over all possible 
mode frequencies

Coupling strength

Exchange of photon 
between qubit and 

transmission line



SQUAT Readout  Dynamics
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Interaction with SQUAT is 

direct, rather than dispersive
Output = input modified by 
photon coupling to the 
transmission line (rate = Γ

c
)

Input output relations give qubit emission signal 
measured via coherent transmission signal:



Pulsed Measurements
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We can use short control pulses to set the qubit’s state

As pulses become longer, we drive the qubit into a mixed 
state



SQUAT Readout  Dynamics

Master Equation (from Qubit’s perspective)

Radiative Losses (both to feedline 
coupling and to pure loss channels)

Pure Dephasing



Steady-State Response & Resonance Fits
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T1 = 100 ns 
T2 = 200 ns 
Ω/2𝛑 = 1 → 6 MHz

Resonance fit for directly coupled qubit:
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Another knob to turn: Gap difference across junction leads
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Capacitor / collector

SC Gap

Δ

Capacitor / collector

Junction



30

Capacitor / collector

SC Gap

Δ

Capacitor / collector

RHS Junction

LHS Junction

Another knob to turn: Gap difference across junction leads



Let’s get fabbing?
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 = Lots of parameter space to test!



Introducing some devices:
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Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Sapphire Silicon



Device Mounting Scheme

Mount in IR-coated shielding with stub 
filter lid design:

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Silicon



Device Mounting Scheme

Mount in IR-coated shielding with stub 
filter lid design:

Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire
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Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

Temperature Characterization

Following the temperature scan model 

developed by Yale group, detailed in:

[Nho 2026, arxiv:2505.08104]

[Connolly 2024,  arxiv:2302.12330]



36

Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

Following tunneling rate models nicely outlined in recent Yale 
group papers:

Low Temp Regime
Ground state tunneling rate saturates to a constant 
value.  Excited state does not.  Attributed to 
temperature-independent photon assisted backgrounds

Temperature Characterization

Гother



Temperature Characterization
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Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

Following tunneling rate models nicely outlined in recent Yale 
group papers:

Low Temp Regime
Ground state tunneling rate saturates to a constant 
value.  Excited state does not.  Attributed to 
temperature-independent photon assisted backgrounds

Intermed. Temp Regime
Thermal activation of residual QP population
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Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

Following tunneling rate models nicely outlined in recent Yale 
group papers:

Low Temp Regime
Ground state tunneling rate saturates to a constant 
value.  Excited state does not.  Attributed to 
temperature-independent photon assisted backgrounds

Intermed. Temp Regime
Thermal activation of residual QP population

High Temp Regime
Thermal creation of QPs exceeds the residual x_qp

Temperature Characterization
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Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

Fit results give us   x
qp

,   T
c
,   𝛿Δ  ….

Temperature Characterization
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Temperature Characterization

Repeating this analysis for the newer Tantalum 
qubits yields:

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Silicon

Preliminary!
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Temperature Characterization

Repeating this analysis for the newer Tantalum 
qubits yields:

 Why lower residual x_qp?

● Ta T
c
 is higher -> base temp is a lower 

relatively

● Ta diffusion length < aluminum

● Ta ground plane more lossy than Nb

● Si vs Sapphire phonon propagation

● Something else?

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Silicon

Preliminary!



SQUATs Pulse Tube Sensitivity
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Prototypes demonstrate an interesting sensitivity to 

pulse tube vibrations:

● Vibrational noise appears in our data as a 

steady-state increase in tunneling rate

Given our existing model, one could imagine PT noise 

manifesting as:

1. Increased x_qp

2. Increased QP bath temp Teff

3. Increased Гother

Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire



Let’s remember that the quasiparticle tunneling 
rate can be enhanced with qubit de-excitation 
assisted processes:

De-excitation Assisted Tunneling

43
[Amin 2024, arxiv:2404.01277]
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[Amin 2024, arxiv:2404.01277]



De-excitation Assisted Tunneling

45
(PT off datasets show the linear trend 

when axes are properly scaled…)

Preliminary!

Preliminary!

Tunneling rate vs readout power trend provides a handle to understand the pulse tube effect!  
● Slope is given by x_qp and ẟΔ
● Y-intercept is given by Гother and Teff

If we assume  ẟΔ to be unchanged by PT noise, we can extract a change in ambient QP density:
Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire



Okay… how can we distinguish between “Гother” and  “Teff”?
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Okay… how can we distinguish between “Гother” and  “Teff”?
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Temperature scan!

PT on

PT off

Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire



Okay… how can we distinguish between “Гother” and  “Teff”?
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Not showing fit results yet! 

but if you want to orient yourself, here are some expected trends:

Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire

xqp

Гother

Teff

PT on

PT off



SQUATs Pulse Tube Sensitivity
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So circling back to these plots….

I think this analysis points towards ∆Γp not being the 

best figure of merit to compare PT on/off between 

fridges & devices.  Instead, maybe we should look 

towards ∆xqp  and/or effective QP bath temperature

Furthermore, (at least in this dataset/mounting 

setup) we should consider that the effective 

temperature of the QP bath may have some offset 

from the fridge temperature
Device: “H2”
Absorber: Al
Junction: Al

  0<δΔ<hfq

Al AlNb

Sapphire
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Charge Event Studies
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Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

SiliconSeeing correlated charge events on both Si and Sapphire substrate devices

~20 hours of data (with an interruption in the middle)
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Underground SQUAT Measurements

NEXUS & QUIET Underground Cryogenic 
Facilities at Fermilab

- Underground facilities allow for lower 

background rates, as observed in OCS 

transmons  (arxiv:2405.04642)

- SQUAT payload installed and measurements 

coming soon!

- With the help of radioactive sources, we plan 

to better characterize the SQUAT correlated 

charge and parity response

Enectalí Figueroa-Feliciano (Northwestern PI)) 
Daniel Baxter  (Northwestern/FNAL PI) 
Grace Bratrud (Northwestern grad student) 



Future studies on Si:

● Phonon-collection studies…

● using phonon injectors on the device surface

● Validate/compare pulse shapes with optical 

photon (backside illumination) study

Phonon Injectors
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Josephson junctions:
A DC current produces 
quasiparticles that release 
phonon energy into the 
substrate upon 
recombination

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Silicon



Future studies on Si:

● Phonon-collection studies…

● using phonon injectors on the device surface

● Validate/compare pulse shapes with optical 

photon (backside illumination) study

Initial phonon injector measurements show a 

change in Γp  with change in DC current through 

phonon injector 

Phonon Injectors
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Note that minimum tunneling rate misalignment with 0V 
bias input (along with increased noise at this point) indicate 
noisy DC biasing conditions

Device: “Waymar”
Absorber: Ta
Junction: Al

   0<δΔ<hfq

Ta AlTa

Silicon
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LED characterization with cryogenic MEMS  mirrors



Correlated Parity Streaming
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Future studies on Si:

● Phonon events should also be correlated 

between SQUATs

● Use multi-tone streaming to study such 

events and establish a trigger for DM-event 

searches

2x SQUAT readout (w/o phonon events)

Readout with RFSoC (ZCU 208) SmuRF

Alex Droster
DMQIS postdoc 

KIPAC fellow

Shawn Henderson
Staff Scientist,

SMURF Extraordinaire

Jenny Smith
Staff Engineer,
Firmware Hero



Low-Tc Junction Development
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• Low Tc junctions allow gap-engineered QP 

trapping, improving device  sensitivity

• Hf (Δ≈0.017 meV) Junctions shown viable 

Hf junction calibrations ongoing in nano@Stanford

Riley Carpenter 
DMQIS/Schuster lab grad 

student

Transmon qubit designed to benchmark 
coherence & critical current density

https://arxiv.org/abs/2510.25203


SoniQ Collaboration (Sensing of Neutrinos In Qubits) 
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Karthik Ramanathan Pierre EchternachSunil Golwala Noah Kurinsky Britton Plourde Chiara Salemi

Final Deliverable

● 14x Ge wafers
● 4” by 2 mm thick
● Voxelized into 1x1 mm smaller 

segments 
● ~6400 qubits per wafer 

x6000
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Conclusion
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The SQUAT architecture enables straightforward measurement of 

QP tunneling, enabling measurement of photon and/or phonon 

events

First designs are already fabricated and characterized

With existing analysis frameworks, parity tunneling dynamics enable 

characterization of QP environment

Next-gen SQUATs on Si for calibration and improved sensitivity 

currently being studied at SLAC

● Beginning pulse characterization of phonon-based events

● Position-dependent studies
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Noah Kurinsky (SLAC)

Shannon Harvey (SLAC)

David Schuster (Stanford)

Shawn Henderson (SLAC)

Jenny Smith (SLAC Engineer)

Sidney Stevens (SLAC Engineer)

Betty Young (SCU)

Postdocs
Taylor Aralis (SLAC)

Alex Droster (SLAC)

Aditi Pradeep (SLAC)

Hannah Magoon (SLAC/Stanford)

Riley Carpenter (SLAC/Stanford)

Zach Gillis (SLAC/Stanford)

Taj Dyson (SLAC/Stanford)

Aviv Simchony (SLAC/Stanford)

Holden Kowitt (undergrad)

Emily Scott (undergrad)

Faculty/Staff
Students
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SQUAT Characterization Backup Slides



Next-Gen SQUATs
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Future studies on Si:

● Use MEMS with front-side illumination to 

study SQUAT antenna coupling

● Validate simulations and improve designs

Ex: 212 GHz photon coupling 
efficiency, Credit A. Droster

Gain [dBi]

λ/2

Alex Droster
DMQIS postdoc 
(KIPAC fellow)

THz Source

Frontside 
illumination



SQUAT Readout  Dynamics
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SQUATs are directly coupled to the feedline… why??

SQUATs
Advantages of direct coupling

- Enables single-tone readout of qubit parity state  
(no Ramsey sequences needed!) 

- Simplified design
- Less dead metal per detector pixel
- Overcoupling to feedline reduces impacts of TLSs 

(useful for novel low-Tc junctions)

QPDs + OCS Transmons:
Advantages of dispersive coupling:

- Single-tone CW readout if your coupling is clever
- Easier to tightly pack devices with predictable 

frequencies when multiplexing
- Can enable higher readout powers

arXiv: 2405.17192

Brandon Sandoval
Caltech Grad Student,

Visiting DMQIS via SCGSR
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TLS Sensitivity vs T1 Sim
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arXiv:2511.05365 
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Optical Phonon Calibration Backup Slides



MEMS-based Optical Beam Steering
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Characterized warm and cold

spot size < 100 𝜇m scan speed > 20 m/s



Next-Gen SQUATs
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Future studies on Si:

● Phonon-collection studies…

● using the MEMS cryogenic calibration system

Zoë Smith
DMQIS grad student

Constant Illumination Frequency Shift
credit:Zoe Smith

Sidney Stevens
Staff Mechanical Engineer

MKID Data
MKID 



Next-Gen SQUATs
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Future studies on Si:

● Phonon-collection studies…

● using the MEMS cryogenic calibration system

Zoë Smith
DMQIS grad student

Constant Illumination Frequency Shift
credit:Zoe Smith

v3!
Lighter

Better thermalization

Better alignment

Sidney Stevens
Staff Mechanical Engineer

MKID Data
MKID 



THz Calibration Source: Waveguide Mechanical Design
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SMA (connected to 
Guiding Photonics fiber)

SMA (connected to 
Guiding Photonics fiber)

THz filter 

B side, LOS 
feedthrough 
mount

A side, LOS 
feedthrough 
mount

SM1 retaining ring

THz photomixer 
head

Optical light 
blocking filter

SMA (connected to 
Guiding Photonics 
fiber)

4k

MXC

Sidney Stevens



Photomixer at 4K
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Emily Perry, Brennan Coffey

Emitter head

Receiver head

Waveguide coupler

Waveguide coupler

Waveguide

4K plate


