
DRTBT 2024 - Aussois - Manuel Gonzalez

Introduction to low 
temperature detectors 

Manuel Gonzalez - DRTBT 2024
Aussois France

1



DRTBT 2024 - Aussois - Manuel Gonzalez

Outline

● Motivation
● History 
● Low temperature detectors

○ Coherent
○ Incoherent

■ Quasi-equilibrium
■ Non-equilibrium

● Recent technologies

2



DRTBT 2024 - Aussois - Manuel Gonzalez

Outline

● Motivation
● History 
● Low temperature detectors

○ Coherent
○ Incoherent

■ Quasi-equilibrium
■ Non-equilibrium

● Recent technologies

3



DRTBT 2024 - Aussois - Manuel Gonzalez

Motivation

Low temperature detectors (LTD) are a must in applications requiring the lowest 
noise-equivalent-power or the highest energy resolution. 

Interesting physical properties of materials @ cryogenic temperatures:

● Electric transport 
● Magnetic properties
● Heat capacity
● Superconductivity
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Motivation

Low temperature detectors (LTD) are a must in applications requiring the lowest 
noise-equivalent-power or the highest energy resolution. 

Interesting physical properties of materials @ cryogenic temperatures:

● Electric transport 
● Magnetic properties
● Thermal properties
● Superconductivity
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● Sharp transition at Tc
● Perfect conductor (DC, I<Ic)
● Energy gap of a few meV (depends on Tc)

Superconductivity teaser

Drude’s model conductance:

In a normal metal (τ→10-14s)

In SC electrons bound in Cooper pairs that 
don’t interact with the lattice (τ→∞)

This gives rise to the kinetic inductance.
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History 

● ~1880 Langley First bolometer for IR

Langley’s bolometers were constructed by the instrument maker William Grunow. 

Letter to Langley in 1893:

“I feel sorry to perceive my inability to follow up the making of bolometers, on account of the circumstances of my situation, the bad 
effect on my health (eyes and nerves) caused by the anxiety which the making of bolometers always creates on me, and [by the 
knowledge] that I should give up the making of them, rather than continue without being able to improve or perfect them…”*

●   1903 Curie/Laborte Calorimetic detection of radioactivity

●   1935 Simon Low temperature enhances performance

“The sensitivity [] can be increased by many orders of magnitude by working at very low temperatures”

● ~1940 Andrews Superconducting transition detector 

*Samuel Pierpont Langley and his Contributions to the Empirical Basis of Black-Body Radiation
10
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History - Good ideas are usually old

11
D. H. Andrews, W. F. Brucksch, W. T. Ziegler, E. R. Blanchard; Attenuated Superconductors I. For Measuring Infra‐Red Radiation. Rev. Sci. Instrum. 1 July 1942; 13 (7): 281–292.
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Present day

Big community of scientist 

Pushing the limits of performances

Moving towards large arrays

Large variety of designs and techniques
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LTDs toy model

Radiation coupling element: antenna, absorber, massive crystal...

Sensor: thermometer (SC, semiconductor, paramagnetic, etc.), SC resonator, SIS junction

Electronics or mechanical elements necessary for operation and or readout: membranes, 
transmission line, detector geometry, SQUIDs, etc.
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LTDs large domain of applications

Electromagnetic spectrum: from mm waves to gamma rays

Particle detection:

● Alpha
● Beta
● Heavy ions
● Dark matter search

Broad range of applications

● Astro/Particle physics
● Condensed matter/Materials science
● Nuclear physics
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Radiation coupling element(s)

Coupling element is highly dependent on the type of radiation we want to detect!

“Wave-like” behavior “Particle-like” behavior
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Sensors

Coherent detectors

● Simultaneous amplitude and phase 
● Active devices
● Quantum noise
● Signal can be correlated after 

detection

Examples:

● Hot electron bolometers
● SIS mixers

Incoherent or direct detectors 

● Quadratic (amplitude) detection
● Active or passive devices
● Wave nature only for coupling

Examples:

● Bolometers
● Calorimeters
● KIDs
● SNSPDs
● …
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Coherent detectors

Superconducting devices allow for heterodyne receivers at higher frequency

Typically used for sub-mm and far-IR astronomy (~100 GHz to 1 THz)
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SIS junction mixers

Superconductor–insulator–superconductor tunnel junction (SIS)

20

The junction is made of a trilayer sandwich of 
Nb-Al-AlxOy-Nb
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Hot electron bolometer

Decoupling of electron and lattice temperature - 2T model

Bandwidth at the IF determined by the electron phonon relaxation time 

21
T. M. Klapwijk and A. V. Semenov, "Engineering Physics of Superconducting Hot-Electron Bolometer Mixers," T-TST, vol. 7, no. 6, pp. 627-648, Nov. 2017



DRTBT 2024 - Aussois - Manuel Gonzalez

Coherent detectors

Excellent performance in radio astronomy 

Limited by quantum noise. Mixer noise temperature: 
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Incoherent detectors

Quasi-equilibrium

Mostly all the incoming energy is 
converted to heat and the dT is 
measured. 

Non-equilibrium

● Fraction of the energy is lost to heat
● Fast
● Cut-off energy
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Bolometer vs calorimeter
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Bolometer vs calorimeter

Constant incident radiation power Pi Individual particle of energy E
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Bolometer

Bolometer vs calorimeter

Tbath

T

t

Tbath
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t

Calorimeter

- Detection of a flux of radiation with 
incident power Pi

-

- Figure of merit noise equivalent power: 

- Detection of incoming particles with 
energy E

-

- Figure of merit energy resolution: 

Interest to work at low temperature: 
● Improved (fundamental) noise performances or energy resolution 
● Faster detectors  (lower thermal time constant, to be continued… )
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Doped semiconductor detectors

Heavily doped semiconductor (e.g. neutron transmutation doped NTD Ge, ion-implanted Si:P,B) to obtain 
conductive properties at very low temperatures. Impurities sufficiently close for hopping. 

~3
 m

m
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Doped semiconductor detectors - ETF

Electrothermal feedback

🠆 if we bias in current                    T↗,R↘,PJ↘,T↘

Putting everything together:

The effective time constant becomes shorter: 
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Doped semiconductor detectors - Responsivity

We want to calculate the output response to a 
change in incident power:

For a harmonic perturbation of frequency 𝞈:

Combining these results: C

G

Tbath

Thermometer
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Doped semiconductor detectors readout 

● High impedance and low noise (tipically JFETs or HEMTs)
● Minimize parasitic capacitance (bandwidth)

JFET transistor (best noise but ~100 K)
HEMT
CMOS (lower T but 1/f noise)
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Doped semiconductor detectors readout II

More complex readout example, Planck HFI:

32
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Transition edge sensors (TES)

The Tc of the superconducting material determines the operation temperature

33
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TES - strong ETF, time constant

C
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Tbath

Thermometer

Electrothermal feedback

if we bias in voltage               (T↗,R↗,PJ↘,T↘):  

Putting everything together:

The effective time constant becomes shorter: 
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TES - Responsivity
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We want to calculate the output response to a 
change in incident power:

For a harmonic perturbation of frequency 𝞈:

Combining these results: 

Because 𝝰 is large: 
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TES - Responsivity
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We want to calculate the output response to a 
change in incident power:

For a harmonic perturbation of frequency 𝞈:

Combining these results: 

Because 𝝰 is large: 
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TES readout, SQUID

Superconductive Quantum Interference Device (SQUID) 

DC SQUID response

Superconducting magnetic flux quantum:  
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● Measure the TES current with an extremely low impedance 🠆 SQUID!
● Power dissipation in the shunt
● FLL to linearize the SQUID

TES Readout

38
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Metallic magnetic calorimeters (MMC)

● Paramagnetic sensor typically dilute alloy of Er in Au (few ppms) or in Ag  
● Applied field few mT
● Mostly used as calorimeters
● Operates at very low T to get the best response (< 30 mK)

39
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Metallic magnetic calorimeters
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Kinetic inductance detectors (KID)

KIDs are based on the complex conductance of SC (Mattis-Bardeen) 

For frequencies below the gap: 

KIDs are operated at temperatures well below Tc (T < Tc/8):

Both the resistive and inductive components of the SC conductivity grow with the quasiparticles 
density that can be increased by increasing the temperature or by absorbing photons. 
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KIDs - Resonator: Distributed vs Lumped element

Meander inductor

Interdigitated 
capacitor

Shorted end

Feedline

Feedline

𝝺/4 transmission line
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KIDs - Resonator: Distributed vs Lumped element

Several materials are commonly used in KIDs. 

Relatively high Tc materials, like Nb or NbTiN, can be used in ground planes and antennas

Low-Tc materials are used for the sensor element or the whole structure, Al, TiN, Ti/TiN 
44

Credit: Institut NeelCredit: SRON
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KIDs - Resonator: Distributed vs Lumped element
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Lumped element resonator model

Resonance frequency

Quality factor:

When radiation is absorbed:

 nqp↗,R↗,L↗,Q↘,𝟂0↘
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One of their main advantages is their natural frequency multiplexing 

High Q (10 k to 100 k ) 🠆 high multiplexing factors (~1000) in single transmission line single amp

KIDs Multiplexing
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KIDs response

Performance and response depends on multiple parameters 
(material and geometry dependent):

● The kinetic inductance ratio  
● Device volume 
● Film thickness (London penetration depth)
● Quasiparticles lifetime (μs to ms)
● …

The minimum detectable frequency is: 

Fundamental noise: Cooper pairs generation-recombination statistics

Excess noise: two level systems in SC-dielectric interfaces 
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SNSPD

Superconducting nanowire single photon detectorSuperconducting nanowire single photon detector Superconducting strip detector

International Standard IEC 61788-22-1–Superconductivity–Part 22-1: We note the abbreviation SNSPD is often spelled out in literature as a “superconducting nanowire 
single-photon detector.” The latter is incorrect from the physics point of view, since in all cases presented so far in literature, the active element is a nanostrip that can be 
regarded a 2-D superconductor, but never a nanowire (1-D element).

49

Photon counting on quantum communication and computing in optical and near-IR range
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SNSPD response 

Operates at T<<Tc

50

Photon detection: 
Switch opens ⇒ voltage across Z0
Pulse duration 10s of ns

A. Korneev et al., "Quantum efficiency and noise equivalent power of nanostructured, NbN, single-photon detectors in the wavelength range from visible to infrared," in IEEE 
Transactions on Applied Superconductivity, vol. 15, no. 2, pp. 571-574, June 2005
Appl. Phys. Lett. 88, 261113 (2006)
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Low temperature detectors
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Low temperature detectors
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