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Interdisciplinary research

Quantum Matter Quantum Sensor

Parametric amplifier

—— APL (2018), IEEE (2022)
C' e Single-photon detector

e D) Nature (2020), Science (2021),
@G PRApplied (2017, 2024)
:. L : - : )) Probe -
mo i
Superfluid stiffness, PRR (2024) e
Nature (2025) &
Axionic quasiparticles Qubit

long@northeastem edy PRL (2019), Nature (2025) Nano Lett. (2021), PRApplied (2025)



Speeding up with broadband single-photon detector

MADMAX BREAD
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A pilot 0.7 m? barrel experiment planned at Fermilab is projected to surpass existing dark photon coupling

constraints by over a decade with one-day runtime. Axion sensitivity requires < 10720 W/+/Hz sensor
noise equivalent power with a 10 T solenoid and 10 m? barrel. We project BREAD sensitivity for various

k.fong@northeastern.edu
BREAD collaboration, PRL 128, 131801 (2022)



Looking for dark matter axion
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Why graphene electrons?
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Ref:

- Vora, Kumaravadivel, Nielsen, and Du, APL
100, 153507 (2012)

- Fong and Schwab, PRX 2, 031006 (2012)

- J.Yan, et. al., Nature Nanotech. 7, 472 (2012)

- McK:itterick, Prober, and Karasik, JPL 113,
044512 (2013)
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Minute Cy, on the order of kg

DOS =2E /| (w(hv,)?)
Small Gy, due to weak
electron-phonon coupling

Wide EM bandwidth

High absorption efficiency
with impedance matching

Fast thermalization due to

short e-e scattering time
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Graphene electron is ideal for photon detection
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Graphene
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Quantum sensing of the heat of a single photon

I1I. Niklas Elmehed © Nobel Prize I1I. Niklas Elmehed © Nobel Prize I1I. Niklas Elmehed © Nobel Prize
Outreach Outreach Outreach

John Clarke Michel H. Devoret John M. Martinis
Prize share: 1/3 Prize share: 1/3 Prize share: 1/3

“for the discovery of macroscopic quantum mechanical
tunnelling and energy quantisation in an electric circuit”
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Increasing Ib/ 5

. hdp = 0 No photon
JJ —
O = P1 — @2 2e dt N 7é 0 Photon!

Walsh, ... KCF, Phys. Rev. Applied 8, 024022 (2017)
k-fong@northeastern.edu See also: Giazotto, et. al., APL 92, 162507 (2008) 1




hBN-encapsulated graphene

dissipation ‘-
via e-ph =

*_.

Jo'sephson junction

Huang, Arnault, Jung, ... Lee, KCF, arXiv:2410.22433
k.fong@northeastern.edu 15



-encapsulated graphene

+ hBN

Joéephsonjuncﬁon
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Vi (V)
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Counts in 1-s bin

Walsh, ..., KCF, Science 372, 409 (2021)
Huang, Arnault, Jung, ... Lee, KCF, arXiv:2410.22433
Method after: Gol‘tsman, et. al., APL (2001)
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-encapsulated graphene
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Fundamental limit of measurements
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Lee... KCF, Nature (2020)
Mather, Appl. Opt. (1984)
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Fundamental limit of bolometer measurements
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Fundamental limit of bolometer measurements
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junction 5 ; 5 5
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Lee... KCF, Nature 586, 42 (2020)
See also: ibid 586, 47 (2020)
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Surpassing the thermodynamic limit of bolometer
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Graphene: to be or not to be?

ep-VI'p Graphene SPD
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BREAD in arxiv:2512.14973

k.fong@northeastern.edu
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Graphene-based SPD Roadmap for BREAD in arxiv:2512.14973

k.fong@northeastern.edu
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Photon-number n Fullintegration to quantum
[ resolving detector j [Array R RYESTEII lmagerj [ communication and network ]
Optical integration with Field testing in quantum Utilizing in astrophysics
superconductive components communication and astrophysics experiments
— experiments . .
Wafer-scale fabrication Industrial adoption
Multiplexed readout Astrophysics ready Benchmark and

calibration protocol
High-quality fabrication L
Scalable fabrication CMOS-integration

NIS junction
Production in volume
Electron-phonon coupling Evaporative cooling of
raphene electrons to pK
T.dependence enhancement . 8 DeSign and fabrication of SPD
with multiple desired attributes
Readout .
[ Deployment to dark matter experiments ]
Antenna design and bandwidth A 1 [ Evaporative-cooled SPD ]

]

Packaging & system-level design : On-chip integration with .

i other quantum systems 1 Full integration to
Architecture for remote : : superconducting quantum
entanglement systems
g : Demonstration of modular unit Y
f | . L .
( Proof of principle experiment j ofremote entanglement [Expandlng application of axion haloscopesj
from 0.01 to 20 THz
Fidelity or overhead Qubit measurement
advantage of qubit readout Higher operation temperature

24



Graphene-based SPD Roadmap for BREAD in arxiv:2512.14973

Josephson
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W.Jung, et. al., arXiv:2503.06850
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Graphene-based SPD Roadmap for BREAD in arxiv:2512.14973

M4 resonator

Single microwave
photons

Probe Tone In

\
Coupling
capacitor (C,)

k.fong@northeastern.edu

readout

N4 resonator

Graphene

Graphene JJ
(GW)

Near Term Mid Term Long Term
1-2 years 3-5years 5-10 years
O
o Photon-number Array of SPD as quantum imader Full integration to quantum
; resolving detector y g g communication and network
=
e Optical intggration with Field testing in quantum Utilizing in astrophysics
§ superconductive components communication and astrophysics experiments
= experiments . .
Wafer-scale fabrication P Industrial adoption
Multiplexed readout Astrophysics ready Benchmark and

calibration protocol
High-quality fabrication L
Scalable fabrication CMOS-integration

NIS junction
Production in volume
Electron-phonon coupling Evaporative cooling of
raphene electrons to pK
T-dependence enhancement . - Design and fabrication of SPD
with multiple desired attributes
Readout .
[ Deployment to dark matter experiments j
Antenna design and bandwidth A 1 [ Evaporative-cooled SPD ]

1

Packaging & system-level design : On-chip integration with .

1 other quantum systems | Fullintegration to
Architecture for remote : : superconducting quantum
entanglement 1 ) ) systems
1 Demonstration of modular unit V
f | . — .
( Proof of principle experiment ) ofremote entanglement [Expandmg application of axion haloscopesj
from 0.01 to 20 THz
Fidelity or overhead Qubit measurement
advantage of qubit readout Higher operation temperature

26



Near Term Mid Term Long Term

Eva pO ratlve 1-2 years 3-5years 5-10 years
cooling electrons [ e [ weososounninge | [ Samsmoowan

N~ to Mid-IR

Optical integration with Field testing in quantum Utilizing in astrophysics
TG,b/ TB superconductive components communicationgandqastrophysics experiments
02 04 06 08 10 12 experi
o periments . )
I I: Wafer-scale fabrication Industrial adoption
|
Multiplexed readout Astrophysics ready Benchmark and
0.9 £ T ! T ' calibration protocol
High-quality fabrication L
- - Scalable fabrication CMOS-integration
NIS junction
0.7 - 7 Production in volume
Electron-phonon coupling Evaporative cooling of
4 E 7 graphene electrons to pK . L
M T.dependence enhancement DES|gn and fabrication of SPD
~— 05} = with multiple desired attributes
A Readout .
& N | Deployment to dark matter experiments
Antenna design and bandwidth A 1 [ Evaporative-cooled SPD ]
03 R B - N !
Packaging & system-level design : On-chip integration with .
i | . other quantum systems | Fullintegration to
0 \'\ Architecture for remote : : superconducting quantum
A : : entanglement systems
0 0.5 1.0 1.5 g : Dem?nstration ofmoldularunit Y
eV/ Ao ( Proof of principle experiment ) ofremote entanglement Expanding application of axion haloscopes
from 0.01 t0 20 THz
Fidelity or overhead Qubit measurement

PRApleed 13, 054006 (2020) advantage of qubit readout Higher operation temperature
27



New eyes to see dark matter
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