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Low temperature detectors:
physics and applications

Martino Calvo
Institut Néel, CNRS Grenoble




Outline of the lecture @@Q

1 — Broad introduction to Low Temperature Detectors

Basic principles and advantages of LTD
Driving science cases: astronomy, dark matter, neutrinos

2 — LTD technologies today

Who are the main competitors in the field?
An overview of the different options

3 — A detailed case: Kinetic Inductance Detectors

What makes them unique? (Apart from the fact that that's what | do!)
Why could other LTD technologies also profit of their development?

4 — KID activities in Grenoble

KID for astronomy: the NIKA and NIKA2 cameras
Applications as particle detectors and for fundamental physics
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Introduction

Introduction @@Q

Introduction and main concepts of

Low Temperature Detectors
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Introduction

The origins of LTD @mg

First proposed in 1984:
* Fiorini and Niinikoski, Nucl. Instr. Meth. 224 (1984) 83
Application: particle physics

* Moseley, Mather and McCammon, J. Appl. Phys. 56 (1984) 1257

Application: X-Ray astronomy

In <40 years the field has passed from 'frontier physics' to 'widespread instrumentation'
for two reasons: improvements in technology and intrinsic advantages of LTDs

l |

Makes an experiment easier Makes an experiment possible!

Martino Calvo, Institut Néel 3 ESIPAP 2020, Archamps, 19/02/2020



Introduction

The fundamental advantage of LTDs @mp

Low temperatures (<1K) give many advantages (dark current, Johnsons noise,
superconductivity, etc...)

Although very nice, these can almost be regarded as 'side effects'..

The real advantage being that:

@ T, typical excitations have extremely |OWD

ESIPAP 2020, Archamps, 19/02/2020
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Introduction

The fundamental advantage of LTDs @mp

@ T, typical excitations have extremely |OWD

\ Gain in energy resolution

Let's assume your detector receives a large amount of energy E (say, 6keV)

Case 1: Si based photodetector
The excitations are the creations of e-h pairs: 0E = 1.2eV

You create N=n E/dE excitations 1n=1/3

Poisson - dN = sqrt(N) [actually, it's sqrt(FN), Fano factor F = 0.1, but 5Eeffz 3.6eV!]

Which gives
AE = 50eV AE = 120eV

FWHM
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Introduction

The fundamental advantage of LTDs @mp

@ T, typical excitations have extremely |OWD

\ Gain in energy resolution

Let's assume your detector receives a large amount of energy E (say, 6keV)

Case 2: low temperature photodetector

For the time being, we make just a very general assumption: oE = k, T

Assume T=1K = 0E = 0.1meV

Which, if everything stayed the same (which it does not..) would give:

AE =~ 0.5eV AE = 1.2eV

FWHM

NOTE: the assumptions are quite rough, the result is surprisingly quite correct!
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Introduction

The fundamental advantage of LTDs @mp

@ T, typical excitations have extremely |OWD

\ Gain in lowest detectable energy

The THz part of the e-m spectrum is very elusive (low energy of each photon)

Coherent detectors

Raleigh-Jeans E

Mixer and amplifiers i Limit

Info on amplitude and phase

Add unavoidable quantization noise:

n,, = hv/2 per mode

Ok only for v<k T /h =~ 50GHz for T =3K

bbb
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Introduction

The fundamental advantage of LTDs @mp

@ T, typical excitations have extremely |OWD

\ Gain in lowest detectable energy

The THz part of the e-m spectrum is very elusive (low energy of each photon)

Coherent detectors Semiconductor-based photodetectors
Mixer and amplifiers Need hv > 0E = 0.1eV

Info on amplitude and phase So ok only for v > = 50THz

Add unavoidable quantization noise:

n,, = hv/2 per mode 50GHz < v < 50THz ?

bt :
Ok only for v< k T, /h = 50GHz for T, =3K LTDs can fill this gap!

bbb
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Introduction

LTDs and the EM spectrum
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Driving science: the 'cold’ Universe @p_ap

10° 10*
Frequency (GHz)

Wien's black-body law :

10°
Wavelength (1L m)

A =(5/T)mm

VAR Y

Astrophysics : structure formation = Cosmology : Big Bang science
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Introduction

Driving science: the 'cold’ Universe @p_ap

Astrophysics : structure formation

SNV

Young star _ mm-submm

VV\»

Dust

Visible Iight

UV/VIS Vl/l/‘
5-10K

Example: the Horsehead Nebula!

~1.2mm, NIKA data
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Introduction

Driving science: the 'cold' Universe @@Q

Cosmology : the Big Bang radiation (Cosmic Microwave Background)

Wavelength: 3um —— - 3mm!
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Introduction

Driving science: the hot Universe @p_ap

Galaxy cluster simulation
ATHENA+ satellite (2030)

X-ray universe : study of the hot
intracluster gas

Line heights :
ion-per-ion abundances

=
LT3
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B
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|
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Line widths :
velocity profiles

Al -Mewton EPIC PM
_I Hitgama S:I:E.I
.5 1
Energy (kev)
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Introduction

Driving science: weak interactions @mp

Dark matter : 5 times more abundant
than 'ordinary' (barionic) matter!

Dark Matter

Challenging to detect. Need high P
resolution and high cross section!

Cryogenic Superheated
bolometers liquids

Eg: Edelweiss, [pronoNS / HEAT

CDMS \

Cryogenic bolometers Scintillating cryogenic
with charge readout . WIMP\, bolometers

> 99.8% gamma rejection

.
o=~ external gamma source
3 [ ] -

external neutron source = |

D .' P &
POy :c'a s v ¥
- phonon trigger threshold

Sen

lonization Energy/Recoil Energy [keV/keV]

Germanium ' Scintillating
detectors crystals

CHARGE LIGHT

Liguid noble-gas
dual-phase time
projection chambers

60

Directional Recoil Energy [keV]

detectors

Liquid noble-gas
detectors
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Introduction

Driving science: weak interactions @mp

Note: one of the rare case in which massive LTDs are desirable (see later)
Design driven by the need for large cross sections!

Edelweiss IlI SupedCDMS

Ge crystals + FID detectors BT e T Ge crystals + iZip detectors
(NTD + charge collection) e 1 (Wu TES + charge collection)
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Introduction

Driving science: weak interactions @mp

Neutrino physics : determine mass/nature of neutrinos

Eg: OvBf decay experiments

Typically studying 'missing energy' so resolution (FWHM) is paramount!

-----

Decay rate (A.U.)

0.90 1.00 1.10

b /\

0.6 1.0

Fraction of decay energy

~750kg TeO2

Eg: CUORE crystal!
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LTDs and the EM spectrum
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Introduction

LTDs operating modes @@Q

A typical LTD has two 'operating modes':

Thermometer

Particle counting/

Energy measurement
Weak thermal link Absorber

AT=E/C

Thermometer

Power measurement
AT=P</C=P/G

Weak thermal link Absorber

Martino Calvo, Institut Néel 15 ESIPAP 2020, Archamps, 19/02/2020



Introduction

Equilibrium LTDs @p_aQ

~100%
Photoelectron K. E.

Time

1onization phonons$

Equilibrium LTD

\» @rmalized p@

(in the absorber+sensor system!)

All the energy released in the absorber will in the end become phonons
- detection efficiency can approach 100% in equilibrium LTDs!

On the other hand, they are relatively slow. And, any phonon can be sensed!

Martino Calvo, Institut Néel 16 ESIPAP 2020, Archamps, 19/02/2020



Introduction

Equilibrium LTDs @@Q

The energy is deposited in an absorber, weakly linked to a thermal bath
The temperature increase is measured with an appropriate thermometer

Assuming one has an ideal, noiseless thermometer, the energy resolution is
determined by the background thermodynamical temperature fluctuations

The Thermodynamic Fluctuations Noise (TFN) gives:

AErms:\/k—b@ Excitation = phonons!
E=kT

b " bath

Weak thermal link

Interest in low C = cryogenic microcalorimeters!

Heat sink < 100 mK
Martino Calvo, Institut Néel 17 ESIPAP 2020, Archamps, 19/02/2020
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Equilibrium LTDs @p_aﬁ_)

Note: the reality is more complex than that....

+ which phonons? ...
<

T(ﬁ Phonons

I s.m

Electrons
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Introduction

Equilibrium LTDs @@Q

The thermodynamic fluctuations have a
timescale given by T = C/G

Their spectrum has a single pole roll-off at f_ = G/(2nC)

The signal has, in principle, the same spectrum

In an ideal world, could reach arbitrary energy resolution by increasing the bandwidth
of the measurement (ie, sampling the temperature at very high rate)

10

s

"1

frequency
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Introduction

Equilibrium LTDs @@Q

The thermodynamic fluctuations have a

timescale given by T = C/G
2

=Vk,T°C Their spectrum has a single pole roll-off at f_ = G/(2nC)

The signal has, in principle, the same spectrum

But the ideal world does not exist....

e t isnotarbitrarily small
meas

e Additional noise always present
(typically in the sensor)

AE=§k,T'C

€ is sensor-dependant and
can be less than 1!

0.01 0.1
frequency
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Introduction

Non-equilibrium LTDs @p_ap

Non-equilibrium LTD

1onization phonons$

Equilibrium LTD

\» @rmalized p@

Only part of the energy is sensed. 'Excitation counting'.

- detection must be fast, and precise (lowest possible quanta of E)

Faster than equilibrium LTD, different limitations/experimental constraints.

Martino Calvo, Institut Néel 20 ESIPAP 2020, Archamps, 19/02/2020



Introduction

Non-equilibrium LTDs @@Q

The energy absorbed creates quantized excitations (analog to photodiodes!)

The excitations have energy oF well above kT (they are 'decoupled')

The energy is split between different channels, so in this case (as we have
seen before) it's the counting statistics that determines the energy resolution

AE_ = SEVN=0EVEISExySE

To have a good energy resolution we want non-thermal excitations with a

very low energy. Ideal candidates are the quasi-particles!

Martino Calvo, Institut Néel 21 ESIPAP 2020, Archamps, 19/02/2020



Introduction

Superconductivity reminder (l) @p_ap

At low T the electrons have very little thermal energy, and can bind to form
Cooper Pairs through a phonon-mediated interaction

The binding energy of a Cooper Pair is given by :

(24=35KT |

This corresponds to typically few meV.

The Cooper Pairs are bosons - perfectly ordered motion, p=0

superconductors

(Al, Nb, .. Electrons that remain unbound are called quasi-particles. p # 0

— ol metals Excitation = quasiparticles!
(Cu, Au, ...) E=3.5k,T

T

Martino Calvo, Institut Néel 22 ESIPAP 2020, Archamps, 19/02/2020



Introduction

Non-equilibrium LTDs @@Q

However small, the energy gap decouples the superconductor from the bath
The time evolution is not governed by thermal processes but by QPs dynamics

So:
Non-thermal detectors can be very fast!

Working temperatures typically need to be well below T

OFE o kT, . Thermal LTD

For the same T, , the excitation 6 E quanta are: (
OF oc k,T >k, T, . Non-thermal LTD

A very (very!) broad indication therefore is

[ Need high energy resolution - Thermal ] [High count rate/fast events - Non-therma/]

(Disregarding any instrument-related considerations..)

Martino Calvo, Institut Néel 23 ESIPAP 2020, Archamps, 19/02/2020



LTD technologies

03080

LTD technologies

Current implementations of

LTD detectors
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LTD technologies

Overview of main LTD types

03080

e Equilibrium LTDs:

Semiconductor bolometers (NTD, doped Si...)

Measure T through R(T) {
Superconductor bolometer (TES)

Measure T through M(T) 4= Magnetic Metallic Calorimeters (MMC)

e Non-Equilibrium (pair-breaking) LTDs:

Measure n_ through i(E) = Superconducting Tunnel Junctions

Measure n_ through L(E) 4= Kinetic Inductance Detectors

e Not treated today: many!

Superconducting Nanowire Single-Photon Detectors, Quantum Capacitance Detectors, ....

Martino Calvo, Institut Néel 25 ESIPAP 2020, Archamps, 19/02/2020



LTD technologies

Overview of main LTD types

03080

e Equilibrium LTDs:

Semiconductor bolometers (NTD, doped Si...)

Measure T through R(T) {
Superconductor bolometer (TES)

Measure T through M(T) 4= Magnetic Metallic Calorimeters (MMC)

Martino Calvo, Institut Néel 26 ESIPAP 2020, Archamps, 19/02/2020



LTD technologies

Semiconductor bolometers

03080

This has been the first kind of cryogenic detector to be developed

Standard (impure) semiconductors are not viable: R =R exp(A/T)
with A of order 100K - way too resistive at low T!

Solution is to dope the semiconductor to near to the metal to
insulator transition

/ %acmn///a/n Conduction get in VRH regime, which gives:
A ///%

__________ Q00000

Filed Donor Empty Acceptor R = ROEXP( (To/ T)%>) T adjusted with dopant

States States
rtpbbbttt D+ EH@++DD

%/}'"9}/"}‘9}’/‘3 B}"Z// Main fabrication techniques:

Ga As Ge Ga Ge: As Ga

* lon implantation in Si

* Neutron transmutation of Ge (— Ga, As)

(used since 1961! But at room T..)
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LTD technologies

Semiconductor bolometers

03080

The fundamental parameter of a thermometer based on R(T) is

Typically, the larger |o.| the better. With semiconductors, a = -1 --10

Resistance vs. T "2 for H-B NTD Germanium

Samples, Size = 250 x 250 x 250 Microns Negative (04 % current biaS

Temperature

T#=Rs=P,, =Rl;,>s=Tx
Semiconductors-based bolometers
are limited by the moderate o

elec

Plus, Johnson noise:

Resistance (Ohms)

P,=4k,TR

, . Yet, have achieved a lot!

3
T-172 (K72)
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LTD technologies NTD bolometers Of Plaan

Al

Gold-plated spider web absorber

Couples high cross section to radiation
to low heat capacity C

4um * 1um!

NTD Ge thermistor

During Planck flight, achieved CMB
photon noise!

NEP = 1,5.10"7 W/Hz"?

300mK:
@300m =1lms C=1pJ/K

@100mK: NEP = 1,5.10"® W/Hz"?
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LTD technologies

Transition Edge Sensors

03080

At cold temperature, we can take advantage of another steep R(T) relation..

.| Ce=100-1000

Resistance in Q2

Could be a great thermometer!

B I S 5 S— S — é .................... But :

; | TA=Ra=P,, =Rl °2=T2
0.58 0.6 i ;

Temperature in Kelvin

The idea is actually pretty old. The problem was mainly technological!
(lack of appropriate current sensor, so current biasing)
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LTD technologies

Transition Edge Sensors

03080

The solution: replacing a JFET with a SQUID to enable voltage biasing !

Recable

MIN—=""" Signal:
— AW dc-SQUID

I(t) =V, /R(t)

NbSl TES

%Rb o 5 [#=Rr=P e!ec':vbia.YZ/ Ry= 1\
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LTD technologies

03080

Transition Edge Sensors

Voltage-biasing - strong Electro-Thermal Feedback (ETF) !

T#=>RA=P, =V, ‘Ru=Ty

elec

e Auto-tuning of working point

e Increased speed of operation :

70
Tefl™ l+a/n

Temperature in Kelvin

Thermal with n =5 (electro-
circuit phonon thermal coupling)

e But mind the saturation!

Thermistor

C=E/dT caE/T

Martino Calvo, Institut Néel 32 ESIPAP 2020, Archamps, 19/02/2020



LTD technologies

TES achievements

03080

Fundamental resolution limit :

AE=Ek,T’C —» AE.,, =2.3554k, T2 C J3 Ja

(@ 6keV =0.8eV >
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LTD technologies

TES disadvantages...

0S8D.

TES are great, and very widespread. Nonetheless:

e Fabrication very challenging!

AccV Spot Magn Det WD 1 200pm
15.0kV 2.0 119x SE 144

Issues of Tc uniformity (bi-layers, thin films...)

Need of SQUID

Power dissipation
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LTD technologies

TES multiplexing @p_aﬁ_)

(not an exclusivity of digital cameras market!)

People get greedy and want large pixel counts !

Multiplexing becomes paramount!

Semiconductor based bolometers = very difficult (+ not worth the effort, really..)

Column Column 1 Column 2
outputs:

= r—SQ2 flux bias
SA flux bias

TES - easier ... but still difficult!

Row address
currents:

Row 1

= I

~=| on adl
=

__m

7 off m@

05 ' 05
Time (frames) Time (arb, units)

Time (félnes)
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LTD technologies Magnetic MEta"iC C&'OrimEte rs @p_apm

Another type of thermal detectors, based on the dependance of magnetization M from T

T magnetic field Field coil

absorber . dC-SQU | D

paramagnetic sensor magnetometer

weak thermal link

thermal bath

Er3* magnetic ‘
ions in B field oT 0T C 8T C +C

50 100 150

Magnetic Field (G)
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LTD technologies

Magnetic Metallic Calorimeters @p_ap

First tests: magnetic ions (Er) implanted in dielectric material

Problem: way too slow! (spin-phonon relaxation = seconds at low T)
Solution: Magnetic Metallic Calorimeters

Use of metallic host speeds up the response time. Typical material is Au:Er

300

10~1000 ppm

55Mn, K,
250 - AEpwnm = 1.58 eV

200 (-

Theoretical limit:
150

=
@
=
S
-
@
w
«0
| =y
Ry
<5}
=
i

100

o . AE iy = 2.35/4k,C, T’ (/3 i

0 } = = } {
= 5.88 5.90 X
s Energie [keV] ]

L L 1 1
5.86 588 5.90 592
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L. Gastaldo, LTD16 proceedings (2016)
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LTD technologies

MMC: pros and cons @p_a}:_)

No threshold temperature so less stringent limits on C__
Increasing t, can reach very high E resolution (but, slower detector!)

The readout is dissipationless! (dissipation only at SQUID stage)

——» an advantage for very large arrays?

Multiplexing difficult but possible (similar approach as for TES)
BUT:

No dissipation means no ETF - slower than TES

Small primary signal so need extremely low noise SQUID

A lot less 'manpower’ and later start - lower TRL!
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LTD technologies

03080

Overview of main LTD types

e Non-Equilibrium (pair-breaking) LTDs:

Measure n_ through i(E) = Superconducting Tunnel Junctions

Measure n_ through L(E) 4= Kinetic Inductance Detectors
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LTD technologies

Superconducting Tunnel Junctions @p_ap

The absorbed energy generates excess QPs which tunnel through a thin insulating
junction giving a current signal.

Magnetic Field

loc N oc E
ap

Base Lead

/ -. e Theoretical limit is not far from TES/MMC

| AE,,,.=2.355y1.7E-(F+G)-1.76k, T

Bottom Metal Film
Nlumination

But:

o quasiparticle

@D oot Backtunneling > G=1+1/<n>

® .A. ® 0 o @ quasiparticle
A
1

INSULATOR

tunneling

emits

phonon, becomes

rapped
\ v B 1

o Assuming T = 1K, G=1
Fermi level I
- @ -®- ----- ~ ermi level
quasiparticles broken emitted phonon @- @F- o @ 6 keV —_ 3 5 eV

as result of x-ray breaks )
absorption additional backtunneling
pair

—————————
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LTD technologies

0S8D.

STJ pros and cons

e Intrinsically fast (non-thermal LTD)

e No membranes for thermal isolation needed

e Very thin and uniform barriers

 Need B to suppress CP Josephson current

e Multiplexing unclear (no real solution right now..)

1780 1800

L Mn: E(K) = 5.899 kev
Mn: E(Kz) = 5.888 kev
- AE = 10.8 eV (FWHM)

intensity [# of events]

Not the best choice for large arrays!

e &
. 0 1000
pulse height [a.u.]
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H A detailed case: KID @@Q

Kinetic Inductance Detectors
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Detailed cacer KID Kinetic Inductance Detectors @p_ap

A (relatively) new technology, but very fast development

2003 2005 2007 2008-2009 2014

@ [ ] “
KID LEKID First light(s) NIKA

open pool
LTD11: 1 talk, 2 posters LTD16: 13 talks (3 instruments),
('Novel tech') many posters

2003 Kinetic Inductance Detectors are first proposed (P. Day et al, 2003)

2007 Lumped Element KID are first proposed (S. Doyle et al, 2007)

2008 First (single pixel) light using KID at CSO (US) (J. Schlaerth et al, 2008)
2009 First multiplexed astronomical observations: NIKA (A. Monfardini et al, 2009)

2014 NIKA open to external astronomers. First 'real' KID based instrument (A.
Catalano et al, 2014)
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Detailod cace: KID KID operating principle @p_ap

Simply put, a KID is a superconducting resonator whose
resonant frequency depends on the absorbed power

Amplitude

-l

“Frequency
We measure the shift of the resonance (or any other variable
related to it) and get the power :

(6P 57, |
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Detailed cace: KID Superconductivity reminder (ll) @mp

We can describe the conductivity of a superconductor starting from the behavior
of CPs and QPs two families:

® Cooper Pairs: ® Quasi-Particles :

Non-dissipative Dissipative

-i0y(Nep) § O4(Ngp)

Reactance! Resistance

Proportional to o

e DCfield : zero impedance (= 'classical' superconductivity)

e AC field : non-zero impedance!
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Detailod s k1D Kinetic Inductance @mp

The reactance of the CP is due to their acceleration!

When moving, the CP store energy:

e Magnetic field - magnetic inductance, L

* Kinetic energy - | kinetic inductance, L,

L _depends on the desity of Cooper Pairs, n_, :

N
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Detailed case: KID Su pe rconducting resonators @mp

® A variable inductance

............... ( = superconductivity )

)
1

® A resonating circuit

E E E = = = =

1 1
1 ]
1 ]
1 1
1 1
1 ]
1 ]
LS ]

---------------
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e case: ko, SUPerconducting resonators: MKID @p_ap

« First option: simply take a strip of superconductor!

The first KID to be proposed, so simply “Microwave KID”, or “Distributed KID”

168 28 268 48 38 e@ 7B 8@ 296 180

Fesonator Position - Percent

The resonator is A/4 long ('quarter wavelength')

The current is distributed !

[ fo=c/A=c /4l ]
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seniedcexo SUperconducting resonators: LEKID @mp

e Second option: 'old-style' RLC!

Lumped electrical components (dimensions smaller than the wavelength)
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pewiedcase: ko, SUpPeErconducting resonators: LEKID @mp

Second option: 'old-style' RLC!

Lumped electrical components (dimensions smaller than the wavelength)

Kinetic Inductance (CP)

Geometric Inductance

ID Capacitor

Residual R (QP)

Coupling (mag/capa)

fob=1/V(L +L )C
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Detailed case: KID KID response to Iight @p_apm

Light can break Cooper Pairs, if it has enough energy

Some typical examples materials

10000.0

T Ti > f.~ 40 GHz
Pair-breaking Al < f = 100 GHz
—> Working KID Re 2 f ~ 130 GHz
Ta = f.~ 340 GHz
Nb > f.~ 700 GHz

Non pair-breaking photons NbN = f ~ 1.2 THz
—> Radiation reflected ~ 100%
—> No effect on L,

TiN, = adjustable
Nb Si = adjustable
100 TiV, = adjustable
Te (K) Multilayers = adjustable

e.g. Al, our best friend !!
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Detailed case: KID

KID response to light

S,,is the signal transmitted past the resonator

03080

S,, is complex - possible to study in Amplitude and/or Phase

2

-

l(

1434 1.436

1.438

1.44

1 .442f

Martino Calvo, Institut Néel

52

O 16

1.4}

1.2f

0.8}
0.6}

0.4}

0.2

1t

x

1.434

1436 1438 144 1a42f
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Detailed case: KID KID response to Iight @p_apm

Absorbed light - change in N — change in L - change in phase +f__
Absorbed light - change in N — change in R - change in amplitude

A 1

0.8

0.6}

OA

0.4f 5@
> < 5f,

1434 1436 1438  1.44 1.442f

1434 1436 1438 144 1442 f

5¢ x 5f0 x 5Pabs
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Detailed cacer KID KID: 'intrinsic' multiplexing @mg

Superconducting resonators - very high Q (10°-107!)
The high Q has a double advantage:
®Acts as an 'internal amplification gain’

eReadout line affected only very near to f,

— KID can are 'intrinsically multiplexable’! R

MKID : A = Af, LEKID : AC & Af,
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Setailod cacn: KID KID: 'intrinsic' multiplexing @p_ap

Superconducting (= very high Q) resonators
100s to 1000s KID per line !

Readout line affected only very near to f,

f, can be easily tuned lithographically

-

Frequency (GHz)

Cold electronics: 1 low-noise HEMT per line!
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Detailed cace: KID KID: 'intrinsic' multiplexing @@Q

Superconducting (= very high Q) resonators
100s to 1000s KID per line !

Readout line affected only very near to f,

f, can be easily tuned lithographically
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eiedcase:kp. IKID multiplexed readout system @mp

To readout the pixels, the superposition of many excitation tones is fed to
the readout line (one tone at each f)

Each resonator affects only the tone corresponding to its own f, !

The comb of tones is generated, acquired and deconvoluted using a dedicated
high speed electronics board (FPGA)

A
\
f

A

A
.
|

N
’ 3f4 f 1.coaxin

f1
From DAC

1C0axo
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H KID advantages @@Q

* In both MKID and LEKID, fabrication is quite simple (decoupled from phonons!)

 Multiplexing comes essentially for free!
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reiedcase: ko EFTECES Of the superconducting gap @p_ap

KID are pair-breaking detectors: the quanta of energies have

SE=3.5kT

At T<<T , basically no phonons have energy > OE

g The KID is thermally decoupled from
the surrounding environment

No need of complex and delicate structures for thermal isolation
Almost insensitive to variations in the temperature of the thermal bath

Could be an advantage for space missions (Cosmic Rays)

=2.35541.7E-F-1.76k,T,

Again, not really suited as thermometers: AE
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H Cosmic Rays effect on KID @p_ap

Space-based missions are exposed to an intense flux of
high-energy particles, known as Cosmic Rays (CR)

CR can reach focal plane giving an unwanted glitch, masking
the scientific signal

4
JE

(8]

38
25

1014325 T0I (V)

452 T0I (pv

,+="" Planck: JLL ‘ M
', =20% of data loss! - L i

15_Dark1 TOI (V)

‘|w u“ LI ) m.h ‘IL{ “7
o] 50 4: D

The effect of long range 'ballistic' phonons was larger than expected

KID could help a lot!
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Detailed cace: KID Cosmic Rays effect on KID @mp

The superconducting gap gives 2 advantages

e Assoon as the phonons have E<2A, they become 'invisible'

— glitches are faster - less data lost

We can further improve adding films with lower T_

------

Aluminum

Silicon

Bath
~100mK
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H KID advantages @mp

In both MKID and LEKID, fabrication is quite simple (decoupled from phonons!)

Multiplexing comes essentially for free!

Ideal for space missions (hopefully...)

Not ideal for energy resolution

Technology gaining a lot of interest and in rapid expansion!
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Detailed case: KID Innovative KID applications @p_ap...

Originally conceived mainly for astronomy

But expanding rapidly!

TKID: thermal KID | o

(but I disagree..)

no. of events

LA

" T .
5500 6000 6500
photon energy [eV]

OLEKID, Spectrometers
on chip, CALDER...

Q
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- KID in Grenoble @mp

KID in Grenoble

Main KID-based projects in Grenoble:

astronomy and beyond
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- The first driver: the IRAM telescope @mp

KID in Grenoble

IRAM = Institut de Radio Astronomie Millimetrique

The largest mm-wave telescope in the world today!

2900 m a.s.l.

IRAM 30-m dish
PiceVeleiaNSpain)
Residual atm. 700mbar
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- The NIKA/NIKA2 experiments @p_ap

KID in Grenoble

| NIKA2: New IRAM KID Array 2 |

NIKA2 will be the new photometric instrument of the IRAM 30m telescope

Sierra Nevada (Spain)
@2900m a.s.l.

Martino Calvo, Institut Néel

17 arcsec @ 2mm
e 30 m aperture C
12 arcsec @ 1.25mm

* Correct Field Of View up to 6.5 arcmin [

e Multi-bands measurements

IRAM—30m: Z2mm and 7mm of pwv
L ==y T - v - T .
1

Thousands of pixels at 100

y/ ‘ to 200GHz

Ideal KID 'playground’!
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- NIKA, the first KID camera @mp

KID in Grenoble

A step backwards: NIKA, 10's - 100's of pixels

2009 2010-2013
4 (a)

Dilution pumgps
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- Going full-scale: NIKA2! @mp

KID in Grenoble

300K 70K

3x array, 4" wafer = 10cm diameter!

NIKA2 key figures:

- 3300 pixels over 3 arrays - Fully remote control
- 1.2 tons, 2.5 m long, 3000 pieces - Completely cryogen free
- Two Pulse Tubes - Base T 100 mK
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Going full-scale: NIKA2! @p_ag

KID in Grenoble

1000 pixels 2mm array

e 2mm: 600+1000 pixels —> 4 feedlines

e 1.25mm: 1200+2000 pixels — 8 feedlines

Single 4" wafer fabrication

O. Bourrion et al.,
2012 JINST 7 PO7014

NIKELv1 boards: MUX factor 400 over 500MHz band
Current MUX factor: (for safety + Q. on ground!)
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- Going full-scale: NIKA2! @@Q

KID in Grenoble

| | 1 |

Al 07 A0 Tibe<nd ARY RS et e 10 Pt AP

i 7 (S L T T e T L

| l';'! rﬂ '1’ | e il |" .l || ”I,!n | _'.,T.|*'“‘ A Lu-l W anly YraGr
I | | i | ..l_.-l_i I .

! | | | AL |

| ' I | | || |

| i |
[
i | |
I

| |

1.1 il
Frequency (Hz)
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- Going full-scale: NIKA2! @mp

KID in Grenoble

———

SR N 1 Y f
’ )I - L - .

2.334 2.336 2.338 2.34
Frequency (Hz) x10°
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Going full-scale: NIKA2! @@Q

KID in Grenoble

Footprint of a NIKA2 1mm array:

[arcsec]

Yield 70% to 90% !

Used Existing pixels

[orcsec]

[See Adam et al, A&A 609, A115 (2018) (arXiv: 1707.00908)]
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KID in Grenoble

Number of Detectors

4 ‘: L

1000 KID

Martino Calvo, Institut Néel

NIKA2 on the Moore plot! @@Q

I ] ] I L] I I I I L ¥ L] L] I I I

microwave HEMT amplifier (7. > 3mm)

semiconductor bolometers, no mux
semiconductor bolometers, aryo CMOS mux Scuba Il
5

superconductor (TES) bolometers, SQUID mux
superconducting MKID, microwave mux

Scuba ll _;inii;al}

T (initial)
IShg}rE gy .

Bolocam . | aboca/Apex £

scubam B g -
,Mﬂ.mbﬂ” BICE

1 N WMAP
- - Mambo

W Sharc |
L

1 IIIIITIF
Lol

CS0 -7
B - BUKT14 ﬁ
I 1 I 1 | | | | I | [ [ | | 1 | | | I [ yl | | | | I

1990 1995 2000 2005 2010 2015
Year
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Introduction
Bl The NIKA2 experiment

KID in Grenoble

« A small, and preliminary, picture gallery:

DR210H star forming region:

DR210H DR210H
1mm 2mm

NIKAZ2 First light, Oct. 2015 NIKA2 First light, Oct. 2015

Martino Calvo, Institut Néel 73 ESIPAP 2020, Archamps, 19/02/2020



The NIKA2 experiment @@Q

KID in Grenoble

« First detection of SZ effect with NIKA2: PSZ2 G144.83+25.11

70°18'00" e
% '
Blackbody 4 g B, H
y = 0.15, Exact A A 7/
e A:f =4 ¥ 12'00"

Declination (J2000) [degree]
Surface brightness [mJy/beam]

6h48m20s 47m40s 47m20s
R:ght Ascensmn (J2000) [hr]

¥ [1 /cm] 70°18'00"

=

For comparison...

8

Declination (J2000) [degree]
X-ray surface brightness
Galactic Latilude [degree]

XMM X-ray satellite ™ — " «  Planck satellite

145°00 144°50° 40
6h48m20s 00s 47m40s 47m20s Galactic Longitude [degree]

Right Ascension (J2000) [hr]
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- LEutareprojects for astronomy (?) @mp

KID in Grenoble
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Current projects for astronomy (!) @mp

KID in Grenoble

* CONCERTO : spectrometer dedicated to mapping Cll lines

*~100 bands between 200 and 360GHz

KISS : a 'pathfinder’
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- Current projects for astronomy (!) @mp

KID in Grenoble -

* CONCERTO : spectrometer dedicated to mapping Cll lines

*~100 bands between 200 and 360GHz

* Needs excellent site + telescope - APEX (5050 m.a.s.l. /)

\ 4
\ i / /
4 o W
\ . 5
X ) i A
\ ~ /
W v 4
‘\\ ~ 23 4
\ - % s
b = S 7
b [ il "
> \\"-\., g e

Altitude : 5050m
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- Current projects for astronomy (!) @mp

KID in Grenoble -

* CONCERTO : spectrometer dedicated to mapping Cll lines

* Work ongoing ..
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Current projects for astronomy (!) @mp

KID in Grenoble

* CONCERTO : spectrometer dedicated to mapping Cll lines

* Work ongoing.. (..not only!)
et i S
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KID in Grenoble

—~
N -
L
X
=
=
Z -
[
>
[&]
[
o -
=)
o
o
w

Other KID activities in Grenoble @mp

Trying to avoid high energy phonons (space applications)...
But we might also like to see them!

Event 8, array SPK3-01-GND, Ti on back, alphas 150mK, all traces

Alpha event: 20/ Cosmic muon:
E=5.6MeV E~200keV

——KID 1

KID 2
~———KID 3
~———KID 4
——KID5
——KID6
e KD 7

300 200 400 600 800 1000 1200 1400 1600
t(us) t(us)

Hot phonons suppressed Hot phonons preserved
(use of low-Tc layer) (minimum metal deposition)
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- Other KID activities in Grenoble @mp

KID in Grenoble

-—

CALDER project (collaboration with INFN — Rome) calde,r ’ o b
—T q '.' a W
Use of KID detectors for sensing Cerenkov light in TeO2 scintillators for CUORE

This approach is pushed (almost) to the extreme. Promising results

oc
|

IL=2.614 +0.004

counts/100eV

(=2
T

c=0.121 £ 0.003
Resolution better than 30eV
for phonon-mediated
UV/VIS light detection!

x*/ndf = 33.98/24

Cardani et al, arXiv: 1801.08403.pdf LB Dot 2.0 1.3

Summed Absorbed Energy [keV]
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WiFi-KIDs ! @@p

KID in Grenoble

Developed in the framework of RICOCHET project RID B8 H?jE» N

A Coherent Neutrino Scattering Program

KID used with 'wireless' readout - maximized phonon sensing!

wafer
feedline

absorber

J. Colas presentation, LTD18, 2019

Martino Calvo, Institut Néel 81 ESIPAP 2020, Archamps, 19/02/2020



WiFi-KIDs ! @p_ap

KID in Grenoble

R s caadid
Developed in the framework of RICOCHET project = B@vﬁiﬂ,ﬁw ~oon

A Coherent Neutrino Scattering Program

KID used with 'wireless' readout - maximized phonon sensing!

Complex plane

Keypoints

® @ 0 0 0 0 @ @

e High Q-factors

ey . i e Good response
47| QL = 1.48e+05
Qc = 2.26e+05

Qi = 4.282+05 : LG5 o Fair agreement
fr [MHz] = 564.7 _..f,""

simul./meas. [4]
5 Q;simu ~ 2.105
QP ~4.10°

U1 . —.__ = -7_,__'- //_ - .
| 1 .-":' 4 ;_-" % er|mu ~ 56OMHZ

e 138mK ; n frEXp ~ 564.7TMHz

0.0 0.2

e 170 mK
1l e 200mK
o 225 mK
o 250 mK
o 275 mK
L

300 mK s DeSign is controlled

e 325 mK
564.62 564.64 564.66 564.68 564.70  564.72

k] J. Colas presentation, LTD18, 2019
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WiFi-KIDs ! @p_ap

KID in Grenoble

R s caadid
Developed in the framework of RICOCHET project = B@vﬁiﬂ,ﬁw ~oon

A Coherent Neutrino Scattering Program

KID used with 'wireless' readout - maximized phonon sensing!

Geant4 MC simulation (o = 1.4 keV)

-2 noise
low Energy X ? [ trigger 10°
104 low Energy X Y 60keV a 5.4MeV

a5.4MeV| 19| —E

102 1

A 0

103 ‘ 102 103
Amplitude [Hz] Energy [keV]

Results

e Noise baseline resolution = 1.42keV (ref.=a peak)

Promising but needs improvement. Major issue: phonons escape through clamps!
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Other KID activities in Grenoble @@Q

KID in Grenoble

KID as London penetration depth sensors ('Omega-Lambda KID')

log S12 [dB]
log S12 [dB]

| | | |
2.01445 2.01450 2.01455 2.01460

| | | |
1.98336 1.98338 2.01425 2.01430 2.01435 2.01440

frequency (GHz)

frequency (GHz)
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Conclusions @@9

« LTD have great performances, and a lot of potential still to exploit

« As of now, main actors are probably TES (+MMC?) and KID
« Accessory technologies (coolers, microfabrication, ...) have evolved a lot

e They are today common tools for physicists

« So don't be afraid to go for them! (ok, not if you don't need them..)

And, especially:

Many thanks to you and to the organizers!

Martino Calvo, Institut Néel ESIPAP 2020, Archamps, 19/02/2020
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Detailed cacer KID Coupling energy to a MKID @@Q

In a distributed KID, the current (ie, the sensitivity!) is maximum at the shorted end

One needs therefore:

-----

T mmm=-

Martino Calvo, Institut Néel

A lens (focusing)

An antenna (impedance matching)

A quasi-particle trap

ESIPAP 2020, Archamps, 19/02/2020



Detailed case: KID

Coupling energy to a MKID

03080

In a distributed KID, the current (ie, the sensitivity!) is maximum at the shorted end

One needs therefore:

P

Martino Calvo, Institut Néel

A lens (focusing)

An antenna (impedance matching)
A quasi-particle trap

Pros :

More flexible approach

Can easily add planar elements (filters,
polarization etc)

Cons :
Fabrication is more complex

Difficult to tightly control all the
steps

ESIPAP 2020, Archamps, 19/02/2020



Detalod cace: KID Coupling energy to a LEKID @p_ap

In a LEKID, the current is uniform in the whole meander

Therefore, the meander itself can be used as an absorber!

The meander shape can be adjustedtogetZ . =Z_

Pros :

Extremely simple system

Easy fabrication

Cons :

Tighter constraints

Less flexible

Martino Calvo, Institut Néel ESIPAP 2020, Archamps, 19/02/2020



Detailed case: KID Cosmic Rays absorbing layers @p_ap

Studies have started to investigate the CR effect

(any detector will have to do this step!)

The superconducting gap gives us 2 advantages

* Assoon as the phonons have E<2A, they become 'invisible’

------

-----

— glitches are faster - less data lost

Aluminum

Silicon

Bath
~100mK

Martino Calvo, Institut Néel

First results are very promising!
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Detailod cace: KID Cosmic Rays absorbing layers @p_ap

Studies have started to investigate the CR effect
(any detector will have to do this step!)

The superconducting gap gives us 2 advantages

* Assoon as the phonons have E<2A, they become 'invisible’
— glitches are faster - less data lost

* We can further improve adding films with lower T_

ElneVl } i

Aluminum

Silicon

—Lath

Extra layer (eg : Ti) ~100mK

First results are very promising!

------

Martino Calvo, Institut Néel ESIPAP 2020, Archamps, 19/02/2020
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