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PARTICLE INTERACTIONS IN MASSIVE
TARGETS

—nergy from dark matter interacting w/
arget
= ns: Initial recoil

Signals
(phonons,
charge,
light)

= us: athermal excitations
» Collective excitations: Phonons,
rotons, magnons
* |onization, scintillation
* Photon emission
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SUPERCONDUCTIVITY

Common perceptions
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SUPERCONDUCTING SENSORS

» There are applications that require/benefit from low temperatures
— Sensing applications where signal thresholds are <1eV (gap of Si)
— Amplification of low freq EM signals

— Calorimetric/bolometric applications where noise from thermal
fluctuations need to be minimized

= Superconductivity corresponds to phase transition that takes place at
these temperatures and energy scales
— Rich set of phenomena
— Can develop/build many kinds of devices
— Integrate to realize complex detectors
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SUPERCONDUCTING DEVICES FOR QUANTUM
PARTICLE DARK MATTER

Quantum state Transition to zero resistance Pairing/bandgap
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COHERENT QUANTUM STATE

“Macroscopic,” can access phenomena with “reasonable” size

devices
insulating
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SUPERCONDUCTING QUANTUM
INTERFERENCE DEVICE

<«— VYoltage —>

| ? . Current

— Magnetic
flux ®

Josephson
junction
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SUPERCONDUCTING QUANTUM
INTERFERENCE DEVICE

B do do For Current > |,

<—— Voltage = o I there will be a voltage
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1982 Cabrera monopole detector event

The 1982 Cabrera monopole detector event remains one of the most famous and
tantalizing "false alarms" or unresolved mysteries in modern physics history. @ Forbes +1

On February 14, 1982 (Valentine's Day), a prototype detector built by Stanford physicist
Blas Cabrera registered a signal that perfectly matched the expected signature of a
cosmic magnetic monopole passing through a superconductor. = Physics Today +2

The Experimental Setup

Cabrera designed a highly sensitive, velocity-independent detector to hunt for particles
carrying a single Dirac unit of magnetic charge. @

« The Coil: A 20 cm? four-turn niobium superconducting loop.

* The Instrument: The loop was connected to a SQUID magnetometer inside an
ultra-low magnetic field shield.

* The Signature: According to quantum mechanics, if a single Dirac monopole passed
through a single superconducting loop, it would induce a permanent flux jump of
exactly 2 flux quanta (20,). Because Cabrera used a four-turn coil, a true monopole
transit had to cause an immediate, permanent step-change of exactly 8
units. ©7 Physics Today +2
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First Results from a Superconductive Detector for Moving Magnetic Monopoles Phys. Rev. Lett. 48, 1378

Blas Cabrera
Physics Department, Stanford University, Stanford, California 94305
(Received 5 April 1982)
A velocity- and mass-independent search for moving magnetic monopoles is being per-

formed by continuously monitoring the current in a 20-cm®-area superconducting loop.

A single candidate event, consistent with one Dirac unit of magnetic charge, has been de-
tected during five runs totaling 151 days. These data set an upper limit of 6.1X 107! ¢ ™2
sec™! sr™! for magnetically charged particles moving through the earth’s surface.

PACS numbers: 14.80.Hv VoLume 48, NUMBER 20 PHYSICAL REVIEW LETTERS 17 Ma 1982
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RF SQUID
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PARAMETRIC AMPLIFICATION

» Harmonic oscillator whose physical properties (parameters) vary with time

d’z dx 5
— = 4 B(t)— t)z =0

— Nonlinear inductance provides this parametric property for an electric circuit

= Can pump the oscillator by varying 3, w such that the oscillator phase locks to
the pump and absorbs energy
—;l & &
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JOSEPHSON PARAMETRIC AMPLIFIERS
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IBM RELEASES

CRITICAL TOOLS FOR QUANTUM CHIP

FIRST-EVER 1,000-QUBIT

SUPERCONDUCTING o

QUANTUM COMPUTING | sesecmtns

— the equivalent of the digital bits

BM has unveiled the first quantum
computer with more than 1,000 qubits

inan

ordinary computer. But the company
says that it will now shift gears and focus
on making its machines more error-resistant
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IBM’s Heron quantum processor.

RYAN LAVINE FOR IBM

Foxtail Bristlecone Sycamore Willow Cryostat
2017 2018 2019 2024 Dilution fridge

Google Quantum AI’s superconducting hardware, from the 72-qubit Bristlecone (2018) to the Sycamore processor and the Willow chip (2024),

with the dilution refrigerator that cools them. Images courtesy of Google Quantum AI
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ZERO ELECTRICAL RESISTANCE

4 Al Overview

Dutch physicist Heike Kamerlingh Onnes discovered superconductivity
on April 8, 1911. He found that the electrical resistance of solid
mercury abruptly drops to practically zero when cooled with liquid
helium to about 4.2 Kelvin (near -269 °C). This monumental finding
earned him the 1913 Nobel Prize in Physics. w wikipedia +4

010

Background and Experiment &
q074 :

» Cryogenic Milestones: In 1908, Onnes successfully liquefied helium at the University
of Leiden, reaching the lowest temperatures achieved on Earth at the

time. N NobelPrize.org :
0,08 -

» Testing Resistance: Using liquid helium as a coolant, Onnes and his team measured
how the electrical resistance of pure metals (like mercury) changed as they neared '
absolute zero. w Wikipedia +1 8015 :

» The Sudden Drop: Instead of a gradual decrease, the resistance vanished completely w“.flr-'
below 4.2 K. Onnes initially called this new state "supraconductivity” before changing it
to superconductivity. w Wwikipedia +2 455 4 "0 V0 %40

H. Kamerlingh Onnes, Commun. Phys.
Lab. Univ. Leiden. Suppl. 29 (Nov. 1911)
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THERMAL SENSOR
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THERMAL SENSOR
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OPERATING PRINCIPLES

» Device stabilizes at T.. Temperature is nearly

constant. 7
n Linearity: PR S i WO S S—
- APabsorbed zAPbiaS = Vbias X AITES Ew.. _— 5R)[‘ U U S S
D o5t . M
= Increased bandwidth 5. !
= \/oltage bias using shunt resistor 8o
— Measure current using high sensitivity O
SQUID o i
= Fundamental noise comes from thermal Temperature)(K])

fluctuations (~kT), which can be made small
by choosing suitable T..
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DETECTING EVENTS

» Energy deposition heats up TES

» Negative-feedback (from change in resistance)
counters the change by reducing bias power

— TES temperature nearly constant, change in
supplied power/current (voltage biased)

Pulsed Current Source ‘6
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eck for updates Building a useful photonic q P quires robust techniques to
synthesize optical states that can encode qubits. Gottesman-Kitaev-Preskill (GKP)
states' offer one of the most attractive classes of such qubit encodings, as 100
they enable th ion of wit ward,
deterministic and room temperature-compatible Gaussian operations®. Existing
pioneering demonstrations generating optical GKP states*and other complex 0¢ L - L . - 1
non-Gaussian states* " have relied on free-space optical components, hindering the 4 5 8 9 10 1
scaling eventually required for a utility-scale system. Here we use an ultra-low-loss Pulse height (Photon number)

integrated photonic chip fabricated on a customized multilayer silicon nitride 300-mm
wafer platform, coupled over fibre with high-efficiency photon number resolving
detectors, to generate GKP qubit states. These states show critical mode-level features GKP qubit
necessary for fault tolerance, including at least four resolvable peaksinbothpand ¢ Heralding
quadratures, and a clear lattice structure of negative Wigner function regions, in this y FAU PNRs
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SUPERCONDUCTING “NANO”-WIRE SINGLE
PHOTON DETECTOR
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SUPERCONDUCTING “NANO”-WIRE SINGLE
PHOTON DETECTOR

= Materials and processing
— Good uniformity
— Good precision in patterning

= High kinetic inductance materials

— Current doesn’t restore before
superconductivity fully re-established

» Strengths
— Fast
— High detection efficiency
— Low dark counts
— Non-dilution cryogenics

eade18 40 45 ¢ s
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A manufacturable platform for photonic
quantum computing

A1586-025-08820-7
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Although holding great promise for low noise, ease of operation and networking',
useful photonic quantum computing has been precluded by the need for beyond-
state-of-the-art components, manufactured by the millions® ., Here we introduce a

) Check for updates

#7%, US. DEPARTMENT

ble platform’ for quantum computing with photons. We benchmark aset
of monolithically integrated silicon-photonics-based modules to generate, manipulate,
network and detect heralded ph icqubits, d rating dual-rail photonic
qubits with 99.98% + 0.01% state pr andr fidelity, Hong-Ou-
Mandel (HOM) quantuminterference betweenindependent photon sources with
99.50% +0.25% visibility, two-qubit fusion with 99.22% + 0.12% fidelity and a chip-
to-chip qubit interconnect with 99.72% + 0.04% fidelity, conditional on photon
detectionand not accounting for loss. We preview a selection of next-generation
technologies: low-loss silicon nitride (SiN) waveguides and components to address
loss, aswell as fabrication-tolerant photon sources, high-efficiency photon-number-
resolving detectors (PNRDs), low-loss chip-to-fibre coupling and barium titanate
(BTO) electro-optic phase shifters for high-performance fast switching.
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PAIRING & THE SUPERCONDUCTING GAP
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Quasiparticles excitations I
E

KINETIC INDUCTANCE ..

Cooper Pairs\\ / A

» Pairing of electrons into Cooper pairs

— Energy gap between ground state and
next excited state

» Quasiparticles are Cooper pair “excitations” Photon f = hv >2A
— I‘:ermlon”s VS bosons. E-field
— “Broken” Cooper pairs >
!

» Cooper pairs have mass and momentum
— Do not scatter. Charge flow (current) has
no dissipation (real(Z) = 0) +
— Inertial response to changes in E-field. DC
Charge flow lags field (imag(Z) # 0)

-—6e

———
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SURFACE IMPEDANCE e

» Imagine superconductor as a fluid with two particles
(Cooper pairs and quasiparticles)

» Complex conductivity depends on contributions from both e —
— Cooper pairs: @ @
» No dissipation. Kinetic inductance. = o T L
— Quasiparticles: > -
- Dissipate o '+ 5 I
« Small kinetic inductance - .

= Total complex conductivity depends on the population of
pairs vs gps

— Breaking pairs lead to a change in the complex
impedance
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KINETIC INDUCTANCE DETECTORS

Measure Lk, Rs shift using LC resonator

» Two methods: distributed, lumped element

= Resonator complex transfer function —
phase + amplitude, frequency + Q

P1o —— o Po
== C,

1 1
Lo+l |

T q)I Unloaded \l\d_’// Qi = a)OL

L R

a—— .f
OF S 29 Nature. 425 (6960): 817-821  Argonne &
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NATURALLY MULTIPLEXED “Frrrr T e ;
» LC resonator has specific FO b
= Multiple resonators on a single line (just |
design w/ different fOs) odr .
— Readout w/ RF electronics i
= Should be able to achieve few 10° / octave A
P1o =l =l " ==y o P2 1
) p—
Ci=—=— Ly, Co=—= L, aEn C,—— L, n
LTLCTL
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MKIDS: PNRD AND KI-PA
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SUPERCONDUCTING DEVICES FOR QUANTUM
PARTICLE DARK MATTER

Quantum state Transition to zero resistance Pairing/bandgap
SQUIDs, JPA, JTWPA TES for PNRD MKIDs for PNRD
Qubits SNSPDs KI-TWPA
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SNSPDS FOR DARK MATTER

QROCODILE

Figure 1
i . DM scattering
@) _,’blas 1_or absorption 0 ()
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Hot spot (i

Phys. Rev. Lett. 123, 151802
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DARK MATTER

CRESST
/1111

I

—
—
=

w //11111]]

Geb 7

'
'
I
'
1
i

CeTe
Gab
(small)

(TES-
substrate,
TES)-
system

CsTs

nt phonon
propagation

GKas

t phonon
propagation

T
CaTa l nt phonons

«---- decaying into t
b phonons

2008 J. Phys.: Conf. Ser. 136 042085

#%, US. DEPARTMENT Argonne Hationa L 2
[ ] .S, riment of ral
L7 of ENERGY  nanboldoyichicage iborme s

LC.

pulse height [a.u.]

w

N

N

2

A

clamp

CaWO, stick

reflective and
scintillating foil

block-shaped target

signal shape in the TES

light absorber
(with TES)
"V x_)— CaWo, stick

crystal (with TES)

1.50 7

4 NCAL-Events
—— Electron Band
—— Gamma Band

1254}
_—— O Recoil Band -

0 Recoil .
- total signal in TES 1001 oot
nt rise time - non-thermal (nt) contribution i
91 ~thermal (t)contribution | g5 H ... . ST ot a L e T
o =
nt decay time
5 .
01 t decay time
t rise time
5 -
0 t T T T T : . . . . i . '
0 10 20 30 40 50 60 2 4 6 8 10 12 14 16
t [ms] Energy E (keV)
% Commun Phys 9, 163 (2026)  Argonne &



ATHERMAL SIGNALS L0 scintilato
Analogy with PMTs...

= \Will these detectors have the same
energy sensitivity?
= Yes, if:
— Lifetime of the athermal excitation
(photon) is really long

— Excitation absorption dominated
by sensor

Reflector
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TES FOR DARK MATTER
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TES FOR DARK MATTER
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TES FOR DARK MATTER
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MKIDS FOR DARK MATTER
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IEEE Transactions on Applied Superconductivity, vol.
36, no. 6, pp. 1-8, Sept. 2026, Art no. 1500408
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QUBITS FOR DARK MATTER
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Lower gap (Tc)

QUBITS FOR DARK MATTER
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QP DOWNCONVERSION IN LOWER TC TRAPS
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SQUIDS FOR DARK MATTER
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QUBITS FOR DARK MATTER

Quantum ACOUStiCS Nature volume 563, pages661-665 (2018)
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SUPERCONDUCTING DEVICES FOR QUANTUM
PARTICLE DARK MATTER
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PHYSICAL REVIEW D VOLUME 34, NUMBER 9 1 NOVEMBER 1986
1. The "Monopole Two" Problem: Cabrera immediately built larger, highly advanced
multi-loop detectors with hundreds of times the surface area. Other prominent

First results from a 1.1-m-diameter superconducting monopole detector

J. Incandela, H. Frisch, and S. Somalwar

|n5t|tut|0n5 {mcludmg |BM, Imper|a| College London, and a Chlcago!Ferm'lab Department of Physics and The Enrico Fermi Institute, The University of Chicago, 5640 South Ellis Avenue, Chicago, Illinois 60637
collaboration) built massive coincidence detectors. None of them ever detected a Forni Naronal Acceerator Lasoratory B, ol 60510
second event. 1 Physics Today +2 IR Qustafson

The University of Michig Ann Arbor, Michi; 48109

(Received 26 December 1985; revised manuscript received 14 July 1986)

2. Cosmological Contradictions: If monopoles were common enough to strike a tiny w . . e detec.
‘e present the_desxgn and p'erformanoe ofa r detec-
20 Cm2 [DOp within jUSt 151 days' the Uni\l'erse W0u|d be densely packed With them. tor with 1.1-m-diameter gradiometer loops. The deloc)lor)demons!mtcs that grladlome!ers can be

overlapped with no mutual i to yield high y without i shield volume.

One of two detector units was sensitive to the passage of monopoles through two overlapped gra-

This completely contradicts the Parker Limit (the observed survival of cosmic di with 989% coincidence efficiency for 161 hours. The unit has a coincident sensitive area

R . . . averaged over 41 sr of 4400 cm?. N didate events were observed, setting an r limit on the
magnetic fields, which a dense sea of monopoles would short out) as well as Cosmic flux of ocomicay Tsagatic Seomopoles O£, 15C10-1 g5 &+ a1 (0% C.L), ‘The detss

tor was operated in ambient magnetic fields of ~5—125 mG.

Inflation models. &

3. The Mechanical Stress Explanation: Later research by teams like Joe Incandela's _F. Vibration isolation
group suggested a highly plausible culprit: spontaneous stress release. S04l Savirosmental disirbance ROy
Superconducting loops under extreme cryogenic cooling accumulate immense '{:; detect((;r units are suspended with copper rods at-
. . . . . L tac to a G-10 ring. The ring is suspended by six hol-
physical ter!5|on. A microscopic, s‘udden fract.ure or .rnechamcal rfala.:<at|on in the low G-10 tubes from a stainless-steel ring. This load ring
detector shield can cause a localized magnetic flux jump (“flux pinning release"), is in turn connected at three points to hollow G-10 rods
mimicking the perfect step-function of a passing monopole. ©1 Physics Today +1 which attach to flanges on the exterior of the vacuum
vessel. The flanges are vibrationally isolated from the
vacuum vessel by means of flexible bellows and critically
A Famous Farewell damped inflatable cushions.*®
In spite of the vibration isolation just described, some
Stephen Hawking famously joked about the event, suggesting that perhaps a lone mechanical disturbances may still be transmitted to the

detector or initiated by the relief of stresses in the detector

magnetic monopole truly was traveling through the universe, but chose to visit Stanford i Thamelves. Snih distarbances have been foind &6

only when Cabrera was away for Valentine's Day. Today, the Valentine's Day event is alter tl;: detector signal and produce monopolelike dc
viewed as a brilliant piece of experimental design that accidentally measured a rare, offsets.” To discriminate such spurious signals from a
real signal it is necessary to detect these infrequent distur-

internal mechanical anomaly. 77 Physics Today bances.
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