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Science Overview

Dark Matter €-> Phonon Channel

Wave-like vs Particle like

‘Light’ DM WIMPS

—>

Hidden Sector

Way off to the right have room for
0(10) solar mass black holes

o
v v

Low threshold: * *
e.2. DAMIC, Liquid Noble:
SuperCDMS, SENSEI e.g. XENON, LZ

DM
Mass

To probe certain masses of dark matter
we need to achieve single phonon
sensitivity O(10-100) meV

Phonon absorption to Cooper-pair

Absorber breaking to QPs Measure
0(10) nm - *-p change in QPs?
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Substrate
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“ AN (~1 mm)

+ Phonon energies O(meV)
+ Information about interaction position and energy
+ Potentially thousands of phonon interactions
+ No relevant fluctuation background

(thermal phonons suppressed by mK temp.)
- Phonon diffusivity = energy split across sensors



Kinetic Inductance Detectors (KIDs)

* Superconductors have an AC

inductance due to physical 0
inertia of Cooper pairs = Kinetic
Inductance __ steady

__ during
Design Stage o, 1g Si absorber . . gories

-2 -

[S21] (dB)

. 42395 42400 4.2405
Current Technique 10-20 eV (meas.
9 ( ) frequency (GHz)

Optimized Single 5 eV (proj.) - 2023
KID

Quantum Limited 1 eV (proj.) - 2023
Amplifier

Improve t,,tolms  0.5eV (est.) - 2024

Lower T, material 0(100) meV (est.)
2025+

aluminum

+ Highly multiplexable, kHz linewidths on GHz readout
+ Fundamentally non-dissipative

- High residual quasiparticle level ~10-1000 um-3 of
unknown origin, suspected to be readout power
generated = limits quasiparticle lifetime and worsens
sensitivity and resolution.

See KIPM talk by O. Wen RDC8 Wed. 15:00

Path to sub-eV

Transition Edge Sensors (TESSs)

* Voltage biased to sit
at superconducting
transition

Substrate

Thermal link

Resistance in Q
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; of an Ir/Pt
L ‘ bilayer
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0.0315 0.032 0.0325 0.033

Temperature in Kelvin

Figure from Chang, Wang Snowmass
2021 talk (2022)

+ 30 year history of development with validated noise

modelling

- Need low T, 10 mK to improve performance -

challenging materials + deposition/fabrication R&D
- T 3/2 & thermal conductance ~T*still valid?

- Parasitic power shielding getting onerous?

TESs demonstrated down to ~¥300 meV resolution!
See R. Romani talk RDC7+8 Thurs 16:00



Qubits

Huge proliferation of
techniques since 80s

What makes these
interesting for non-QIS
practitioners?
Relevant energy
scales << eV to few eV

Environmental effects
at those energies
affect/modify the
qubits > e.qg.
radiation detection

Amundsen, 2019 (CHEP 2018)

Use lasers to cool and trap
ions and put them in
superpositions

Scientific Reports 4, 3589 (2014)

Exploit nuclear spins and
microwave control

Sci. China Phys. Mech. Astron.
59:630302 (2016)

NV center

Add electron via nitrogen to a
vacancy in diamond. Control
spin with lasers

Phys. Rev. B 86, 125204 (2012)

Quantum dot

Reservoir

Artificial atom, e.g. embedding
electron into silicon lattice

4 Nature Nanotechnology
9, 981-985 (2014)

Linear optical

detectors
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Use quantum nature of light
photons

J. Opt. Soc. Am. B, 24, 2,
208-213 (2007)

Superconducting

?r—%

Ann. Phys. (Berlin)
525, 6, 395412 (2013)




Cooper-pair Box / Charge Qubit

» Stick Josephson Junction (SIS sandwich) into a
circuit with a capacitance and a voltage bias,
creates a superconducting island that is Crmmoees :

. ! Island |
connected to a bulk reservoir. I: | |
- Relevant D.O.F: # of Cooper pairs on the |
island
A . P—1\? X EJ
Hepg = 4E¢ n—ng+T — Ej cos o.
a X ; :
Charging energy (energy to Josephson energy
add another Cooper pair to Parity: +1, measure even/odd quasiparticle
the island): (2e)?/2C, tunneling events that have traversed the junction

Dimensionless offset charge: C,V,/2e 5



Quantum Capacitance Detector

Shaw et al, 2009; Echternach et al. 2017 , Look at Cooper-pair box again, specifically lowest energy level
E C/E J=1 * Caninterpret the curvature as a capacitive term = changes
10 — — every time a quasiparticle tunnels over (i.e. shifts x-axis)
Flgures R Wikdpedta, Transmon QURE (2022 * Lots of potential for astronomical operation at low photon bkg.

< 87 shot noise

L

< 6- Bias tee N | 441 QCD device Demonstrated

! it “J at JPL for THZ photoR counting
W s \' : >

E 4 ] G Island
| L G Tunngl
LIJ 2 — M @ junction

Resonator
CS
0 = L 1 1 = e
'0 .5 0 O -5 ;?Mbsol:bq )l
n _g Chip -
15 mK
C? 3%E;

Note curvature C. =
Aguta = T ¢ ‘
€2 ()ng

of bands Make a O(GHz) LC resonator and couple this

qubit to it — O(MHz) shift from this changing C

See QCD talk by J. Yu talk RDC8 Thurs. 11:45 & P. Echternach poster 6



Offset Charge Sensitivity (OCS)

Serniak et al. PRL, 2019

12
- Stiffen the energy ratios by increasin/

overall capacitance (e.g. making
absorber pads larger) will enter
transmon regime.

« Won't see capacitance shift anymore
but will still see a dispersive shift in
your resonator with tunneling.

Ej/Eq = 17.2428

8| Bare readout freq.

4,
2wpp J Jv\nlZ p)|”
Xip = 22 2 21
jFi e
0 j
0 0.5 1

Offset Charge [CgVg/2e]
7



Quantum Parity Detectors

(similar concept to recent SQUAT proposal, see C. Fink
RDCS8 talk)

Si / Al,O3 Substrate

Quasiparticle production in “QPD” absorber Parity signal observed
Telegraph Signal
0, E ~ 200 meV 0 ( [ ( "‘
70 - Tabs ~ 1 ms 0.5
ol Tqp ~ 500 us ool — J B | J il

Resonator Response

T T B LI
_“;jf,-,_ IREEIERLLL

N.B: we are seeing pretty good pulse Resonator Response + Gaussian Noise

lifetimes in KID data — see ” H‘ H|H I HH‘H I

0 1 2 3 4 5 6 7 8 0
Time [s] x107*

slides from Tues SLAC lunch talk
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010

V ~ 100 um?3 Parameters same as FIR-QCD g



Rate (Hz)

ExpeCted Sig nal no=0.5/um3, V=100 um3

103 3
Tunneling trace of QP events in FIR device i ——- QCD 50¢ Threshold
) 1 === Transmon 50¢ Threshold
Phonon mediated i
S signal linear with 5 Transmion (Fi=T)
@ quasiparticle density.
C 1 . . _—
S Also linear with o Lol
o e E
& g temperature = There’s & :
m no calibrated model of £
(7]
! ' ; ' ~ these processes, first  “ g0
0.005 0.010 0.015 0.020 0.02 . . K Hoos i o Y ot s e T
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Time (ms) ) .
_ to constrain tunneling,
| Tunneling rate linearo’ transport etc. w014 A T T T
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Background & Threshold

Threshold and background rate dependent

no=0.5/um3
] — acp
{ — Transmon
| Qcb
0 4 . .
1073 + large freq. shift per tunneling
S 1 - Only 1 quasiparticle can
) | “tunnel in” to sensitive region at
kel . .
S a time with slow tunnel out 2>
S 1071 1 .
o ] saturation
E ]
]_
g
n
1072
10_3 T LR | LR | T T
101 10° 10? 102 103

Volume (um3)

on volume, quiescent QP density etc.

oB

102 1

50¢ Threshold (eV)

Don’t necessarily need good qubit to be a sensor as
long as residual QP induced effects are reduced.
Not penalized for having a better qubit.

101 4

K2 2
2~ (KT-|—16 4 )no

4

V=100um3

10!

109 1

— Transmon

1071

10° 10! 10?
Residual QP Density (/um3) 10



Phonon QCD

Island

junctiorjz "

s
APLU

Keep it simple to start:
500 um Si substrate
50nm thin Al sensor with

Nb resonator/feedline

2 cm QCD Chip

Se—F
=1 -

Nb. feedline
10* um3 4 GHz KID
absorber

—

i
v Absorber

102 um3 a—bs"orber | um3 absorber
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Again Si substrate with

Al absorber pad | Al+Nb components

L”Tunnel junction
Al absorber pad 2

| .71 cm OCS Chip 5
Readout resonator _ " || Nb. feedlines
(much smaller in very latest design) i

e ﬁ.i 103 um3 : ! _

i1l absorbers




QPD Fabrication Challenges

Requirements much different than Astronomy or QIS needs - need good contact between
absorber/traps for quasiparticle transport. QIS devices lay down multiple overlapping layers >
Needlessly introduces parasitics and increases volume. Workaround with “bandages” or by

“jlunction milling”

Bandage

\

Oxide

Junction

Si Substrate

Bandage

creates overlaps

structures

7

e g

Micrograph of traditional

'unctio_n deosition |

s P Sl -

SEM from University of Waterloo 1QC
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Junction Mill Tests

% 10%

7t Able to create junctions
with ~targeted resistance

Deposit First Layer - Break Vacuum -
Argon lon Mill > Deposit Second Layer

Average Junction Resistance (Ohm)
4

0.1 0.15 0.2 0.25
Junction Side Length (um)

JPL 0.6kV 8.4mm x1.80k SE(UL)

14



OCS v1

1 cm x 1 cm Silicon ¢
single feedlines- G

.J-distance [V]

Phase [Rad]

— g meas
g fit -- 7.5154 GHz
— emeas
e fit -- 7.51447 GHz

=== Frequency used in measurements

MAMVRAA)

T T
7.522 7.524

transmon_ge T; ~ 1.5 us+128.1 ns
transmon_ge @ 3.65140 GHz | im: -48.60000 MHz
gaussian: integral_v_ns: 26.0000, length_ns: 256 ns, Gain 0.0dB

relaxation time=100 us

2.5 A

2.0 A

151

1.0 1

0.5

| ’H‘l ”‘ll|‘

0.0 -

T1~1.5us
Parity signals
not measured
yet..

T T T T
7.5 10.0 125 15.0

Wait time [us]




Lots of challenges to explore

Absorber Sizing

* Tunneling rate €< volume

* Does this match expectation
with diffusion sizing?

» Saturation effects

* Improve on K~10 kHz um3?

e 1 -> 10000 um3absorber
means R~1 Hz which is not
observable

Material Selection

* Move to lower gap material,
or introduce QP traps e.g.
AIMn - Need to
demonstrate able to make a
junction

e KID experience with low Tc

materials like AIMn has
been... poor

Offset Charge Drift

* Gate charge drifts on O(10)s

* Currently experiments
stabilize drift by using
individual bias lines = lots of
complexity for many QPDs

Readout scheme

Surface Fill Fraction

* Sweeping gate
voltage

* Measurement
bandwidth

e Resonator design

To completely absorb energy in phonon

fabs' Nsurf' fsurfN 1

(abs probability x num bounces x surface fill)
N~ 103°f, .~ 102> f ¢+~ 0.01% - 10%

Phonon-Film Coupling

* Coupling of energy from
substrate to film n ~ 0.1-
0.34 from different
experiments

e QP breaking film thickness
dependent (30-100 nm)

* Phonon absorption lifetime
Taps~ 1ms —1s?

16




Takeaway

BN

o224
Joe

!
B
3

U1l
rﬂ“l: 2

1. Single phonon sensitivity is a driving design need for low-
mass particle dark matter searches LA

2. Quantum Parity schemes are one avenue to achieve very INSTITUTE
low sensitivity

3. QPD demonstrator R&D, exploring factors in tunnel

junction design, absorber volume, quasiparticle density
etc. is underway

4. Descriptive paper coming soon!

-t
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Quantum Parity Detectors: a qubit based scheme with meV thresholds for rare-event searches

Karthik Ramanathan,’-2-* John Parker,! Lalit M. Joshi,> Andrew
Beyer,4 Pierre Echternach,* Serge Rosenblum,? and Sunil Golwala!
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