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Phonon Detection

Incident radiation can break Cooper pairs either
directly in the superconductor, or indirectly

through phonon pathways

Many groups have shown that these radiation

Si Substrate

events lead to correlated qubit errors:

s McEwen et al., Nature (2021)

QO Cooper pair % Risté et al., Nature (2013)
@) Quasiparticle * )
MM Phonon % Serniak et al., Phys. Rev. Letters (2018)
/N\/\U Incident Radiation s Wilen et al, Nature 594, 369 (2021)

*» Vepsdldinen et al., Nature (2020)
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Transmons as Detectors

The effective transmon Hamiltonian parametrized
by qubit charging energy E. and tunneling energy

E; is given by:
H=4E. (7 - ng)z — Ejcos¢

Giving us a transition energy of:

Ey1 = hwg + 7y Cos(nnq)
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Wilen et al, Nature 594, 369 (2021) [arXiv:2012.06029]



Superconducting Quasiparticle-Amplifying Transmon (SQUAT)

Detection “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]
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SQUAT Detection Scheme

Materials are chosen such that:
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SQUAT Detection Scheme

Materials are chosen such that:

Detection

A island > A junction

1.) A phonon or photon with energy >2A;¢;,,q4 breaks a cooper pair into high energy quasiparticles
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SQUAT Detection Scheme

Materials are chosen such that:

Detection

A island > A junction

1.) A phonon or photon with energy >2A;¢;,,q4 breaks a cooper pair into high energy quasiparticles
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SQUAT Detection Scheme

Materials are chosen such that:
>> Ajunction
1.) A phonon or photon with energy >2A;¢;,,q4 breaks a cooper pair into high energy quasiparticles

Readout 2.) Quasiparticles will downconvert and diffuse. Some energy (~40%) is lost to sub-gap phonons returning
to the substrate. Quasiparticles that diffuse into the lower Tc junction region and downconvert further

will become trapped
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SQUAT Detection Scheme

Materials are chosen such that:
>> Ajunction
1.) A phonon or photon with energy >2A;¢;,,q4 breaks a cooper pair into high energy quasiparticles

Readout 2.) Quasiparticles will downconvert and diffuse. Some energy (~40%) is lost to sub-gap phonons returning
to the substrate. Quasiparticles that diffuse into the lower Tc junction region and downconvert further

will become trapped

SEIERE) 3.) Trapped quasiparticles may tunnel back and forth across the junction until recombination. Each
tunneling event can be read out as a signal
Sensitivity Island .
P > Junction
_— L @ mﬁm
First tests Substrate Tunneling event!
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SQUAT Readout of QP Tunneling Events

* Tunneling events flip the parity state of
the qubit, thus changing its transition
frequency

Detection

Readout « By monitoring the qubit transition
frequency, we can count single tunneling

events

B ciene)  SQUAT detector is designed without a

readout resonator to reduce pixel size,
Sensitivity limit coupling to TLSs, and increase
detector efficiency
* This increases bandwidth relative to
Ramsey readout for quantum-limited

amplification

First tests

SLAZL  NoahKurinsky - RISQ Workshop May 2024

QP Signal

Collected QPs

x [MHz]

i

Even

Readout

Odd

v

e e e e s e e e e A .

Frequency

—04 —02 00 02

0.4

ng [Cooper Pairs]

Simulated tunneling events [arXiv:2310.01345y2]— Total a)
---- Phonon 1
........ QP 'I‘unnel
\ —— QP Lifetime
0 1 2 3 1 5
Time [ms]
' b)
2 3 4 5
Time [ms]
(o)
0 1 2 3 4 5

Integration Time [ms]

10



SQUAT Projected Efficiency

Detection

Readout

Sensitivity
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* Collection efficiencies above unity can be expected for small devices due to:

* Quasiparticle multiplication in lower gap trapping material

* Trapped quasiparticles can undergo multiple tunneling events
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SQUAT Projected Efficiency

* Collection efficiencies above unity can be expected for small devices due to:
Detection e Quasiparticle multiplication in lower gap trapping material

* Trapped quasiparticles can undergo multiple tunneling events
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SQUAT Projected Sensitivity

« Moeasurements of initial devices will help benchmark trapping and tunneling efficiencies

* |n devices with small geometric trapping regions, we expect sensitivities in the range of

Detection
single meV phonons and THz photons
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September 2023 January 2024

Detection
Readout
Efficiency
e e Aluminum islands o Aluminum islands
Sensitivity
« Aluminum junctions (Manhattan) «  Aluminum junctions (Dolan)
» Sapphire substrate « Sapphire substrate
* Fabricated by Jadyn Anczarski and Noshin « Fabricated by Hannah Magoon with recipe
Tabassum from Zigian Li
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Measurement Setup

1 1 4
1 1 |
1
Tested two measurement paths ; ‘ '
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Transmission Line Frequency Scan

Measurement Setup
Tested two measurement paths 12
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CW Measurements

Detection To track charge offset on the SQUAT island, we can run repeated VNA frequency scans. By
fitting the charge dispersion, we can identify correlated events on chip:
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Repeated frequency scans display charge jumps over
time for two SQUATSs on the same chip

Charge dispersion fit values plotted for each qubit
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Device Parameters

T2 Measurement

Detection

Measurement of two SQUAT devices: _ ]
Readout Center Frequency: 7.35 GHz and 8.18 GHz 535

Quality Factor: 5000-10000 £ 50-
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Qubit Coupled to Waveguide

QICK TL Power Scan 20240513_113303 QICK TL Power Scan 20240513_113303
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Next Steps

Development of low-Tc junctions is of interest

Detection for the broader quantum sensing community -
whether this is beneficial for quasiparticle
cooling is a major question

Readout - ) )
» Tijunctions made, testing underway
« Hf, AIMn junctions planned
Efficiency We will also explore tri-layer processes, but

with low-gap materials

Developing readout protocols - likely next
Sensitivity devices will have dual feelines to transmit
through SQUAT arrays

Question: How low can we get background
parity switching rates while maintaining high
detection efficiency?
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SQUAT Dimensions

. | 2/28/2024 | HV curr HFW WD dwell det
9:10:17 AM | 10.00 kV | 43 pA  31.9 pm 4.0 mm | 20.00 ps | TLD

Nb Gnd Plane Thickness: 100 nm Trap Radius: 112 pm
Al Trap Thickness: 200 nm Pixel Diameter: 240 um Junction Length: 16 um

Junction Width: 2 um

(Minimum Junction Width: 0.12 um)
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SQUAT Sensitivity (varying trapping/tunneling efficiency)
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Transmons as Detectors

 McDermott group at UW Madison fabricated an array of 4
weakly charge-sensitive qubits

* By running repeated Ramsey measurements, they were

able to track drifts in qubit frequency due to changes in n,
the island offset charge

* The qubits were found the exhibit spatially correlated Yot 11
jumps in charge due to ambient ionizing radiation

* Furthermore, all qubits on the chip were found to

experience degradation in coherence time following
radiation events

Offset charge (e)
o N

4 6 8 10
Time (hours)

o
N

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

 McDermott group at UW Madison fabricated an array of 4
weakly charge-sensitive qubits

* By running repeated Ramsey measurements, they were
able to track drifts in qubit frequency due to changes in n,
the island offset charge

* The qubits were found the exhibit spatially correlated
jumps in charge due to ambient ionizing radiation

* Furthermore, all qubits on the chip were found to
experience degradation in coherence time following
radiation events

Wilen et al, Nature 594, 369 (2021) [arXiv:2012.06029]
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Transmons as Detectors
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« Plourde group at Syracuse deposited thick 05 Cu ' S
electroplated Cu reservoirs on the back of a MMWMW Back-side Cu
. . 1 metallization
transmon chip to act as sinks for athermal phonons WW
0.5 ﬁO 'ﬁ%éﬂg 2.0 iS iO

* The chips with Cu reservoirs showed reduced

|I| 1 nn .n C m M . . Wm 20 ns
10 us

without Cu reservoirs

1 1 1 1 1

0 0.5 1.0 1.5 2.0 2.5 3.0
Time (s)

* The chips with Cu reservoirs showed negligible
response to phonon injection events compared to
their non-Cu counterparts

Evidence of phonon-
mediated decoherence

A

laia, Ku, Ballard et al, Nature Communications (2022) [arXiv:2203.06586v2] e 260
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SQUAT Fabrication Process

First Optical Layer

Jieeden Niobium ground plane and CPW transmission line,
made using an optical layer and dry etch

Readout

Efficiency

Sensitivity

Fabrication
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SQUAT Fabrication Process

First Optical Layer

Detection Niobium ground plane and CPW transmission line,

made using an optical layer and dry etch 20
Readout

Second Optical Layer

_ I
- Aluminum trap features, made with an optical layer |

Efficiency _

and liftoff
Sensitivity

Fabrication
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SQUAT Fabrication Process

First Optical Layer

Detection Niobium ground plane and CPW transmission line,
made using an optical layer and dry etch

Readout
Second Optical Layer
Aluminum trap features, made with an optical layer
Efficiency ) P P Y
and liftoff
Sensitivity

Ebeam Junction Layer

Aluminum josephson junctions, made with e-beam 250

Fabrication exposure and liftoff
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