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Experimental methods and techniques – Overview 

•  Spin-based techniques, NV-diamonds, Magnetometry: Dima Budker (Mainz). 
•  Novel ionic, atomic and molecular systems [RaF, tests in multiatomic molecules, exotic 

atoms]: Marianna Safronova (Univ. Delaware)  
•  Quantum-limited Metrology with Optical Clocks: David Hume (NIST). 

Experimental methods and techniques – New Developments 

•  High sensitivity superconducting cryogenic electronics, low noise amplifiers, TES: Withington 
•  Superconducting Cavities for DM search: Alexander Romanenko 
•  Quantum Acceleration of Axion Detection: Kent Irwin (Stanford)  
•  Optomechanical detectors for DM: A. Geraci (Northwestern U.) 

Technological Challenges 

•  Low energy techniques for neutrino and axions: L. Castaldo (Heidelberg) 
•  Quantum scintillation materials: Etiennette Auffray Hillemans (CERN)  
•  Atom interferometry at large scales (ground based, space based): Jason Hogan (Stanford) 

Topics 
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Why we care about Q-Technology 
Some unexpected connection to Cool Physics 

My talk is at 31minute below: 
https://www.youtube.com/watch?v=5w1HDaM4dHg 
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Qubits side A Qubits side B 

Quantum Circuit 
(scrambling circuit) 

Teleportation without decoding 

Entangled 
Classical channel still present 
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Experiment proves scrambling! 
Verified quantum information scrambling 
Landsman, Figgatt, T. Schuster, Linke, Yoshida,  
Yao &  Monroe, Nature 567, 61–65 (2019) 

Used a quantum teleportation 
algorithm encoded in a circuit made 
from seven coupled ytterbium ions 
held in a row, each acting as a single 
qubit. This quantum computation 
process teleported a single qubit 
from one end of the row to the other. 
 
The goal was to verify quantum 
information scrambling 

Examples and benefits of this approach:  
(2021/2) arXiv:2102.0106 
(2021/3) arXiv:2103.14996 6 
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Josephson Junction: 
SIS sandwich 

Cooper pairs can tunnel and produce current 

Josephson Junction 

Ψ1 = nse
iϕ1 Ψ2 = nse

iϕ2

Is = Ic sin Δϕ( )

V =
!
2e

∂
∂t

Δϕ( )

1st J relation 
 
 
2nd J relation 

f J =
e
π!

V
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SQUID: two JJ in a loop 
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SC devices: some history 
Stafford Withington 



1910-1970	First	half	of	the	20th	century,	the	physics	of	the	superconducting	state	first	became	a	
rich	area	of	study.	
	
Superconducting	materials	support	a	wealth	of	physical	processes,	some	of	which	are	highly	
desirable	and	can	be	used	to	create	devices,	and	others	cause	endless	problems.	

1980s	Refinement	of	superconducting	device	physics	as	an	enabling	technology	for	fundamental	
physics	began	in	the	context	of	devising	low-noise	first-stage	mixers	(SIS)	for	submillimetre-wave	
astronomy	(200	GHz	-1	THz)	.	
	
Ground-based	spectroscopy	and	interferometry	(JCMT,	CSO,	IRAM,	KOSMA,	ALMA),	and	space-
based	platforms	(Herschel)	were	enabled	through	major	technological	refinement	of	mixers.	
	
Opening	up	the	submillimetre-wave	Universe	led	to	major	discoveries	in	star	and	galaxy	
formation,	and	the	evolution	of	large	scale	structure	in	the	Universe.				

1970s	Superconducting	device	physics	started	to	emerge	following	the	discovery	of	pair	
tunnelling,	and	the	invention	of	the	SQUID.				Josephson	junction	parametric	amplifiers	(JJPA)	
started	to	appear.	

Stafford Withington (Cambridge) 12 



1990s.	Demonstration	of	superconducting	bolometers	in	the	form	of	a	transition	edge	sensor	
(TES).	
	
Large	arrays	of	bolometers	(100-600	GHz)	have	revolutionised	ground-based	observations	of	the	
intensity	and	polarimetric	anisotropies	of	the	CMB,	leading	to	numerous	detailed	observations	of	
the	early	Universe.			
	
Search	for	B-modes	in	the	early	inflationary	phase	of	the	Big	Bang	is	a	major	challenge,	which	will	
be	enabled	by	large	superconducting	polarimetric	imaging	arrays	(CMB-S4,	LightBIRD).	
	
Considerable	innovation	and	success	in	the	development	of	ultra-low-noise	superconducting	
readout	electronics	for	large	arrays	–	time	domain	and	frequency	domain	multiplexing.	

2000s	saw	the	invention	of		kinetic	inductance	detectors	(KID)	for	large	format	imaging	arrays	
across	the	whole	of	the	spectrum	–	more	elegant	way	of	achieving	multiplexing	-	SDR	

2010	saw	the	introduction	of	the	travelling	wave	parametric	amplifier	(TWPA)	for	quantum	noise	
limited	coherent	amplification	of	large	bandwidths.		

2020	Superconducting	qubits	for	quantum	computing,	superconductor/spin-system	quantum	
memory	elements.	 13 



•  Submillimetre-wave	wave	and	FIR	astronomy	would	not	exist,	and	its	numerous	discoveries	
would	not	have	happened,	if	it	were	not	for	superconducting	electronics.	

	
							Recently,	the	direct	imaging	of	the	event	horizon	of	the	black	hole	in	M87	–	Event	Horizon	
							Telescope	(VLBI)	–	was	performed	using	superconducting	mixers	
	
•  Many	future	ground-based	and	space	observatories	(including	x-ray)	are	entirely	reliant	on	

the	existence	and	further	development	of	superconducting	electronics	–	cannot	be	
uninvented!	

	
•  Many	future	space-based	astronomy	platforms	will	be	launched	with	superconducting	

electronics	(Athena,	SPICA,	LightBIRD,	Earth	Observation).		
	
•  None	of	this	technology	was	provided	by	industry	–	all	of	it	comes	out	of	university	and	

government	laboratories	–	responsibility	for	continuity	of	supply.	

14 



2020-2024	
	

Quantum	Technology	for	Fundamental	Physics	-	£31M	investment	by	UKRI	(STFC)	
(Coordinated	by	Ian	Shipsey,	Oxford)	

	
3	out	of	the	7	projects	funded	are	enabled	by	superconducting	electronics:	 	 		

•  Quantum	Sensors	for	the	Hidden	Sector	–	vacuum	state	of	activity	radiation	(QSHS)	
	 	(JJPA’s,	QUBITs,	Bolometers)	

•  Quantum	Technology	for	measurement	of	Neutrino	Mass	through	CRES	(QTNM)		
	 	(SQUID	amplifiers,	and	TWPA	for	quantum	noise	limited	spectroscopy)	

•  Quantum	Enhanced	Interferometry	for	New	Physics																																																														
	(SNSPD	as	optical	photon	counters	to	enable	new	advances	in	laser	interferometry)	

	

2020	(50	years	later)…	
	
Massive	opportunities	for	quantum-limited	performance	and	enhanced	functionality	in	
astronomy.		
		
The	application	of	superconducting	sensors/electronics	to	further	advance	fundamental	physics.	

Stafford Withington (Cambridge) 
15 



		 Microwave	 Submillimetre	 Far	infrared	 Optical	 High	energy	
		 10	–	100	GHz	

3	cm-	3	mm	
100	GHz	–	1	

THz	
3	mm	–	300	

µm	

1	–	10	THz	
300	–	30		µm	

2	µm	–	300	nm	 UV,	ϒray	and	
Xray	

SIS	mixers	 		 •	 		 		 		
HEB	 		 		 •	 		 		
		 		 		 		 		 		
CEB	 		 •	 		 		 		
TES		 •	 •	 •	 •	 •	
KID	 •	 •	 •	 •	 		
SNSPD	 		 		 •	 •	 		
SQUID	 •	 		 		 		 		
JJPA	 •	 		 		 		 		
TWPA	 •	 	•	 		 		 		

Stafford Withington (Cambridge) 

Devices 
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TIDC 
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S-I-S (JPL Caltech) 

Herschel Space Observatory’s image reveals great turmoil in the W3/W4/W5 complex of 
molecular clouds and star-forming regions. MDL-produced SIS mixers on Herschel HIFI 
discovered many terahertz spectral lines from molecules in interstellar space.  
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Superconducting Materials 



Elemental	BCS	superconductors	(courtesy	Songyuan	Zhao):	
	

Tc	critical	temperature	–	cool	to	about	10%	of	Tc	
fc	gap	frequency	calculate	from	Tc	using	BCS	–	pair	breaking,	not	pair	breaking	
σN	–	normal	state	conductance	
	ξ	–	coherence	length	
	jc	–	critical	current	
	j*	-	calculate	from	jc	 19 



Alloys	–	the	nitrides	(reactive	deposition)		

Also	silicides,	such	as	WSi		

Bilayers	and	multilayers	used	extensively	for	`tuning’	the	Tc	and	gap:	
	

MoAu,	TiAu,	TiAl,	MoCu	
	
Driven	by	proximity	effect,	including	lateral	proximity	effect		 20 



Cambridge	MoCu	–	120	mK	(40/106	nm)	
Difficult	to	manufacture	
SiO2	passivation	layer	to	protect	Cu	

Cambridge	MoAu	–	150	mK	(40/170	nm)		
Self	passivating	-	low	C	
Good	inter-diffusion	stability		

SRON	TiAu	–	120	mK	(16/85)	
	Self	passivating	
	Good	inter-diffusion	stability	

Cambridge	TiAl	–	550-	650mK	(150/40	nm)	
Metallurgically	stable	
Good	for	Tc	~	700	mK	

21 



•  Device	processing	repertoire	across	a	wide	range	of	devices	and	materials:		
	

				Nb,	Ta,	β-Ta,	Al,	NbN,	TiN,	NbTiN,	Mo,	Hf,	Ir,	Cu,	Au,	AuCu,	AuPd,	SiO2	SiO	AlOx		
	

•  All	on	SIN	and	SoI	membranes	–	4	UHV	deposition	systems	–	sputtering	and	e-beam	
	

•  Bilayers	based	on	proximity	effect,	and	lateral	proximity	effect,	can	be	used	to	`engineer’	

properties	of	films:	MoAu,	MoCu,	TiAu,	TiAl	multilayers		

22 
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TES: Transition Edge Sensors 



Spectroscopy	of	massive	particles	using	TES:		
Xray	Photoelectron	Spectroscopy	(XPS)	
	

(Kunal	Patel	Univ.	Cambridge,	Alex	Shard	NPL)		
	

	spectroscopy	of	low	energy	electrons	(200eV-1keV)	

Existing	electron	spectrometers	only	measure	a	narrow	electron	energy	band	at	a	time.		
–  swept	across	some	total	range	to	build	the	spectrum.		
–  energy	filtering	process	discards	over	99%	of	electrons	at	a	time,	large	and	bulky	

	

A	TES	spectrometer	would	not	discard	electrons	allowing	for	a	far	greater	count	rate:	typical	
spectrum	has	~	1million	events	
	

Comprehensive	simulation	pipline	has	been	developed	(Kunal)	
–  electrothermal	behavior	of	TES,	including	phonon	and	Johnson	noise		
–  stream	of	pulse	on	top	of	the	noise	floor	
–  recovery	using	Bayesian	methods	
–  	fundamental	limit	of	energy	resolution	through	Fisher	analysis	

24 



Simulated	TES	electron	
measurement	data	

Reconstructed	electron	
spectrum	from	simulated	

data	

Resolution	comparable	with	current	
electron	spectrometers		

	~0.5	eV	@	1keV	
	

Array	of	100	TESs	would	improve	typical	
x-ray	photoelectron	spectroscopy	
considerably	
	

cf	Cyclotron	Resonance	Emission	
Spectroscopy		

25 
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Quantum Acceleration of EM Axion 
discovery 

Kent Irwin 
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Bibber, Lehnet, Chou, Physics Today 72, 6, 48, 2019 

‘Listening’ for axions in cavities 
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System noise has three components: 

Amplifier 

Vacuum fluctuations 
(present even at T=0) 

Black body 
(T=temperature) 

System noise measured in units of ‘Std Quantum Limit’. 

Noise and Std Quantum Limit 

Beauty of QM: we can push beyond the SQL 
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Beyond SQL: Quantum Squeezing 
Bibber, Lehnet, Chou, Physics Today 72, 6, 48, 2019 
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Superconducting RF Cavities and DM 
Alexander Romanenko 



Fermilab superconducting cavities: 
highest coherence (high Q) quantum microwave resonators

	200x	

•  Demonstrated record values of 2 seconds of 
coherence in quantum regime

A. Romanenko, R. Pilipenko, S. Zorzetti, D. Frolov, M. Awida, S. Belomestnykh, S. Posen, and A. Grassellino 
Phys. Rev. Applied 13, 034032, 2020 

42



•  New	light	particles	are	theoretically	well	motivated.	
e.g.	
•  Axion	like	particles	(including	the	QCD	axion)	
•  Dark	photons	

•  For	such	light	particles	two	hypotheses	can	be	tested:	

Applications: Longer Range Interactions and Wave-like 
Dark Matter

dark	photons?				
axions?	
long	range	force?		

dark	photons?				
axions?		

New	particle:	 Dark	matter	(and	new	particle):	

43	



10/09/21

• Fermilab’s SRF Cavities are world’s highest quality photon 
resonators, with Q as high as 1011:
• Large fields when excited → can source dark fields.
• Resonant response → can amplify a feeble signal.

Searches with SRF Cavities

Emitter Receiver

Light Shining through wall:

Receiver

a search for a mediator.

A dark matter search:

the DM filled Universe 
is the emitter

Basic search schemes

44



Dark Photon Search

Emitter Cavity Receiver Cavity

Frequency of 1.3 GHz,
excited to ~ 35 MV/m.
Thats ~ 1025 Photons! 

Tuned to 1.3 GHz. 
Responds to dark field.
Contains only thermal 
noise (T=1.4 K).

a dark photon 
field is radiated 
at 1.3 GHz.

For correct cavity positioning
[see Graham, Mardon, Rajendran, Zhao 2014]

Prec ⇠ G2 ✏4
⇣m�0

!

⌘4
QrecQemPem

Q>	1e9	
Q>	1e10	
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DarkSRF experiment @ Fermilab 

Emitter	(ON,	
tunable,	
accelerator	
regime)	

Receiver	
(OFF,	fixed,	
quantum	
regime)	

Tuner/piezo	

46
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Low energy techniques: neutrino & axions 
L. Gastaldo 
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Niobium films produced for TIDC 
Wu Hsin-Yeh, SP et al，August 2021 

NCU Cryo-system (Prof. Chen) 

•  Nb film on SiO using NTU ME Sputter.  

•  Film Tc measurements also performed with 
an NTU physics SQUID equipment. 

•  Physics to buy a dedicated high Vacuum 
sputter to be installed in Mechanical 
Engineering Labs and shared. (SP et al 
organizing the purchase and cost nothing 
to TIDC!). 
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Additional Slides 
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CEB: Cold Electron Bolometers 
L.Kuzmin et.al.: Nature Communications Physics vol 2, 104 (2019) 
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HAYSTAC: Acceleration by Squeezing 
K. M. Backes et. al., Nature, Vol 590, 11 Feb 2021  



57 

Kinetic Inductance Detectors 

Visser et.al, Journal of Low Temperature Physics 167(3-4), May 2012. 
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KID: Principle of operation 

•  Superconducting pair breaking detector 
•  Measure broken Cooper pairs by measuring 

the Kinetic Inductance 
•  At T<<Tc Superconductor impedance 

  
 
 

Zs ~ -iωLK  

P. Day, et al., Nature 425, 817 (2003). 

Photons  
E > 2Δ 

1 2 

•  Read out Zs by resonant circuit @ F=2-8 GHz 
•  Combine superconductor in series with C 
•  Read-out using phase or amplitude! 

EF

E

Δ

Quasiparticles 
N ~ Pτ / ηΔ 

Cooper 
Pairs 

R

δR

δθ

 

 

Im

Re

F0
δf
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Stephen Yates et. al. 
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Antenna coupled 
KID  
  
 ¼ λ resonator @Freadout 

  Most sensitive @ end 
 

Printed antenna @ FRF 

 
FRF >> Freadout 

 
Antenna does not 

influence resonator 
 
Needs lens! 

2 1 

CPW Through line 
Readout signal ~4 GHz 

CPW ¼ λ Resonator 

Coupler 
Length sets 
Coupling Q 

Antenna 

Bare substrate 
Central conductor 

100 µm 

L= 5 mm @ 6 GHz 

Al ground plane 

RF Photons  
E > 2Δ 

Most sensitive area 
Readout 
current 

P
os

iti
on

 

Coupler 

Antenna 

1 2 


