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1 RATIONAL OF THE PROJECT 
This working package is an investigation on the detector technologies suitable for CMB measurements, with 
particular emphasis to the polarized components.  The investigation will start with an initial survey of the state 
of the art of low-noise sensors, focusing on principle of operation, performance, feasibility and scalability. 
Later we will explore in deep the readiness level and the feasibility of each of these technologies for a 
comparative review for possible mid and long term future applications. The main aim is the identification of 
affordable R&D pathways within the Italian context of expertise, facilities and resources.  The coordination of 
the existing national resources for achieving CMB detector design and fabrication capabilities with competitive 
performance in the international context should be a significant follow up of this work.  

2 RESULTS EXPECTED AFTER SIX MONTHS FROM THE KO-MEETING 
In the first six months we expect to make a survey of the current technologies for mm, sub-mm detection 
commonly applied to CMB measurements. 

 

 
3 RESULTS OBTAINED AFTER SIX MONTH FROM THE KO-MEETING 
 
3.1 The framework 
The current state of the CMB detector technologies is the result of a global optimization along the guideline 
of the science requirements. The search for CMB polarization signal will require a scale up in number of 
elements, frequency coverage, and bandwidth with respect to current instruments. Because it is searching for 
lower magnitude signals, it will also required a proper detector design for achieving higher sensitivities and 
better control of systematic uncertainties.  

The design of CMB detectors is strongly connected to two instrument’s subsystem: the focal plane and the 
readout electronics. The focal-plane feed determines the shape and polarization properties of the pixel beams 
The feed design also can determine the total bandwidth and number of photometric bands of each pixel which 
is important also for the efficient use of a telescope’s focal plane area. The readout electronics will set 
constraints on focal plane architecture, heat load due to presence of active component and harness, signal 
integrity due to losses and cross-talks. 

There are a number of successful approaches which have been or are being implemented by different 
experiments. This diversity of detector designs by these experiments is also related to the laboratory and 
experiment heritages and the telescope-instrument configurations. 

The main configurations we found are: (1) telescope with a receiver observing at a single frequency band with 
lenslet-coupled antennas or with corrugated horns (2) telescope with multiple receivers each observing at one 
frequency with corrugated horns (3) multiple telescopes each observing at single frequency with antenna-feeds 
or with a horn coupled antennas detectors (4) one telescope with multi-chroic receiver with single color 
corrugated horns and a smooth wall profiled horn (5) one or more telescopes with multi-chroic receiver with 
multi-chroic lenslet-coupled detectors or with feed-horns. 

Most of these experiments have developed a proper radio-frequency architecture of the detectors that is in most 
of the cases a multiple “antenna-coupled detectors” in pixelated array. There are two main detectors 
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architectures: 1) the absorber-coupled detector that directly couples to the telescope using a simple adsorptive 
element, 2) the antenna-coupled detector that couple to the telescope with a planar antenna that converts the 
free space wave to a wave in a superconducting transmission line,  a filter that forms one or several frequency 
bands from the total bandwidth of the antenna.  

3.2 The current most common detector’s sensors 

 
3.2.1 TES 
TESs are made of metal films with thicknesses from several tens to few hundreds of nanometers, whose width 
and length are much larger than the coherence length of the material. Under these conditions, the transition 
from superconductor to normal state has a finite width that is modulated by several phenomena produced by 
the bias current flowing in the film, the current flow paths approaching the critical current density, the magnetic 
field induced by the current itself, the external fields, the thermal diffusivity of the film, and the substrate 
beneath the film itself that causes temperature gradients. Transition widths of few milli-Kelvin at about 0.1 K 
are the typical actual values that were found in most TES detectors. The transition temperature can be adjusted 
to the required one by means of the proximity effect, with layers of normal metals or introducing magnetic 
impurities in TES’s materials. Even if the first operation with TES dates back to 1941 by Andrews that operated 
a Ta wire at its Tc as bolometer for IR light, the exploitation of the full potentialities of TES was obtained only 
in the past decade thanks to the use of large bandwidth DC-SQUIDs (Superconducting Quantum Interference 
Devices) as noise-matched current amplifier.  

TESs are presently being applied to a wide range of detector types, like bolometers and micro-calorimeters for 
cosmology, astrophysics, particle physics, and matter science. In these applications, TES are used following 
two main schemes of detection processes: the thermal and a-thermal phonon-mediated detection and direct and 
indirect electron-mediated detection. In the first way, the metal film electron gas is heated by diffusive/quasi-
diffusive or ballistic phonons coming from the absorber, while in the second way, the TES electron gas is 
heated by other hot/warm electrons coming from a metal absorber or directly heated in situ by radiations.  

At sufficient low temperatures, the TES electron gas can thermally decouples from the phonon system. This 
condition is not the usual way at which TESs are operated, but only under certain conditions. Decoupling of 
electrons and phonons can be enhanced with a proper choice of materials and temperatures. Lowering the 
temperature down to 0.1 K and below, the thermal conductance Ge-ph from electrons to phonons in the thin 
film itself goes like T; hence, it becomes lower than the series Kapitza conductance between film and substrate 
(see Figure 1 and the following explanation). The operating power released by the bias current in the film 
sustains the steady configuration in which the electron gas temperature Te is higher than the one of phonons 
Tph. Tanks to the achievable low heat capacity Ce of the electron gas and conductance Ge-ph, it is possible to 
design TES bolometers with internal direct electron coupling and short decay times given by 𝜏 = Ce/Ge-ph in 
the 10 – 100 µs range.  

In TES bolometers, the voltage bias is preferred for its intrinsic dynamical stability; thus, here we consider 
only the power-to-current responsivity that typically is measured with a DC-SQUID galvanometer with a 
small impedance input coil. Indeed, under the approximation of a negligible input inductance, voltage bias, 
and large open loop gain LG parameter:  
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in which LG = PαI/GT, αI = (T⁄R)[dR⁄dT]I is the thermometric sensitivity at constant current and β = (I⁄R) [dR⁄dI]I 
is the current sensitivity at constant temperature.  

 

Figure 1: (left to right) An example of resistive transition from superconducting to normal conducting phase 
transition of the metal film in the picture. The thermal model of the TES: the biasing power P dissipated in the 
electron gas of the TES by the current I flows into phonons via the thermal conductance Ge-ph mediated by the 
electron–phonon interaction into the electrically insulating substrate via a Kapitza conductance Gk  at the 
interface metal film - substrate. The typical read-out chain of voltage biased TES and current readout by 
SQUID. This configuration allows the electro-thermal feedback that stabilize the operating conditions.  

 TES detectors operated in strong negative electro-thermal feedback, where the product of the bias 
power P and the thermometric sensitivity at constant current 𝛼I is much greater than the product of 
the natural thermal conductance G and the operating temperature T, that is, LG ≫1, have a current 
noise equivalent to the input power:  

 

 

Where τeff = 𝜏(1 + 𝛽)/LG, 𝜏 = C/G. e parameter LG plays the role of loop gain of the electro-thermal system 
constituted by TES, its thermal conductance G and the bias circuit. Being the TES a thermistor with positive 
derivative dR/dT, a small increase of temperature causes a resistance rise and consequently a small drop of the 
bias current flowing in the TES. e amplitude of this current drop is dependent from the parameters P, αΙ, and 
1/G; therefore, their product acts as loop gain LG. At high LG, the bias power drops down so quickly that 
compensate partially or almost fully the input power. Therefore, at very large loop gain LG, the TES detector 
dynamic response approaches the one of a constant temperature bolometer, in which the full output is 
proportional to the bias current needed to stabilize the TES temperature. NEP formula asserts that as large the 
electro/thermal feedback gain loop parameter LG, as small the intrinsic noise density of TES is. This increases 
the overall TES detector bandwidth, being τeff by itself proportional to 1/LG.  
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3.2.2 KID 
The kinetic Inductance was a well know effect observed in superconducting wire made in form of thin films. 
In the superconducting state the full impedance is influenced by the surface impedance Zs=Rs+iωLs. An 
increase in quasi-particle density changes the surface impedance Zs of the film, both Ls  and Rs , due to the 
normal electron  greater “kinetic” impedance to the applied forces (electric field) and their resistive losses.  

In 2003, at the 10th International Conference on Low Temperature Detectors, it was proposed to use this effect 
as alternative detector technology alternative to the others, being also intrinsically suitable for use in large 
array.  The Kinetic Inductance Detector is a high quality microwave resonator that change their inductance in 
response to incoming radiation. Unlike thermal bolometers, where incident optical power is converted into 
heat (phonons or hot electrons) and then transduced by a suitable thermistor into a measurable electrical signal, 
in a KID the incoming photons exceeding the gap energy result in Cooper pair breaking changing the carrier 
density. The effect of the surface inductance is to increase the total inductance L, while the effect of the surface 
resistance Rs is to make the inductor slightly lossy, adding a series resistance. This moves the resonance to 
lower frequency, due to Ls, and makes it broader and shallower, due to Rs. Both of these effects contribute to 
changing the amplitude and phase of a microwave probe signal transmitted though the resonator circuit.  

 

Figure 2: The unperturbed resonance profile (black line) and the same resonance under microwave 
irradiation (red line).  The resonance frequency shift Δf and the decrease of Q are caused by the increase of 
surface Ls and Rs . If the probe signal is at fixed frequency f0,  ΔA  and  ΔΦ can be measured . 
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Typical reactance changes of the KID is obtained by embedding them in an high quality resonant circuit. The 
detector is electromagnetically coupled to readout line feed-line, which is driven by a probe signal at the 
resonance frequencies. The transmitted phases and amplitudes is monitored continuously. An RF power load 
induces deviations in the kinetic inductance, resulting in a shift of the resonant frequencies of the KID and 
then in a measurable signal. Residual resistivity losses are strongly suppressed in a superconductor so that very 
high quality factors can be achieved. This allow high multiplexing factor, making KID the suitable technology 
for next generation thousand-pixels cameras. In this case several resonators with KIDs are connected to the 
same feed-line and the probe signal is a frequency comb, each one is tuned to a single resonator. Another 
remarkable property of KID is the easiness of realization.  The typical devices is made with a thin film, tens 
of nanometers, of superconducting metal. The KID instrument architecture is very similar to RF strip-line 
circuits.  

When the KID is irradiated the resulting fractional change in the resonance frequency 
Δf/f0≃ΔLs/Ls≃αΔnqp/(N(EF)εgap), where α the fraction of the KID inductance sensitive to the Ls.  At temperature 
much lower than Tc, this gives small value of the order of 10-5-10-4. Therefore, high Q values resonators are 
required. The responsivity in the lumped KID approximation in homodyne readout configuration is:  

 

where Q is the total quality factor of the KID in the circuit, Qint the KID intrinsic quality factor, Qext 
is the corresponding one of other components, Ls/L is the ration of the surface over the full inductance, 
Ns is the full number of Cooper pairs. The intrinsic NEP, neglecting the combination generation noise 
is calculated from the measured decay constant of the KID detector τ and the phase noise power 
spectrum NΦ(ω): 

 

 
3.2.3 HEB 
A HEB is a detector for sub-millimeter and far-IR radiation (0.3–10 THz). HEB can be used in two different 
modes: as coherent detector (heterodyne detector or mixer) and as incoherent detector (direct detector). Direct 
detectors only record the intensity of RF over a very broad range of wavelengths. Because the device only 
measures intensity information, it is not quantum limited. This means that a well-designed detector and system 
can detect arbitrarily low signal levels. Heterodyne receivers constitute the other major type of detector at sub-
millimeter wavelengths. This technology stems from longer-wavelength radio observatories, where such 
receivers are used to the exclusion of all other techniques.  These receivers mix the electromagnetic field of 
the signal photons (ωS) with a locally generated electromagnetic field at frequency ωO (LO). The result is a 
signal at the difference, or intermediate frequency (IF), where ωIF = ωO −	ωS. Thee original signal is therefore 
down-converted to a much lower frequency, where more conventional low-noise electronics can amplify and 
process the signal. The signal at ωIF	 carries both phase and spectral information about the original signal. It is 
fairly straightforward to extract the spectrum of the source, and the phase of the incoming EM waves. For 
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astronomers, the latter is especially useful for combining the phase information from several receivers on 
separate telescopes to create an interferometric signal. In this way, ultrahigh angular resolution can be obtained. 
The LO and signal S frequencies that are coupled to the device oscillate at a rate which is much faster than the 
device can respond thermally. The temperature cannot oscillate at frequencies on the order of	ωS. This means 
the various frequency terms that constitute the signal will be too fast for the device’s thermal response. 
Therefore, the LO frequency must be chosen so that it is close to the signal frequency, such that ωIF is within 
the device’s thermal bandwidth. For a well-calibrated and tunable LO, one can scan the LO across some 
frequency range near	ωS. Superconducting HEB mixers are the choice of heterodyne detector for the high 
frequencies. They are complementary to SIS mixers which work as quantum noise limited detectors up to 
about 0.1-1 THz.  

 

Figure 3: (left to right) An example of nano-bridge HEB microwave detector. the electron temperature locally 
becomes higher than the superconducting transition temperature of the material. The bridge suffers from a 
localized loss of its superconducting characteristics and it detects the radiation absorbed due to the increased 
electrical resistance in this strip.  

An HEB consists of a superconducting bridge (Nb, NbN, NbTiN, Al, YBCO) with nanometer or submicron 
dimensions, contacted by thick gold pads. Microwave radiation signals are coupled into the bridge through a 
lens and an on-chip antenna. An example is reported in Figure3 heterodyne mixing process makes use of the 
resistive transition between the superconducting state and the normal state of the superconducting bridge, 
induced by the heating of terahertz radiation signals. To reach a high IF band- width, an extremely thin film 
with a high critical temperature is used. Due to the low temperature of the strip, the incoming radiation first 
heats up the electrons in the superconducting bridge. As a consequence of this, the electron temperature locally 
becomes higher than the superconducting transition temperature of the material. The bridge suffers from a 
localized loss of its superconducting characteristics and it detects the radiation absorbed due to the increased 
electrical resistance in this strip. The HEB derives its name from this characteristic. The temperature of the 
electrons in the strip must be able to follow the wave of the mixed signal exactly. More than one billion times 
per second, the electrons are warmed up a bit. In order to be able to keep measuring, the electrons in the strip 
must be cooled down to the superconducting temperature extremely quickly. This is possible because the 
electrons rapidly discharge their heat to the lattice of the superconducting film. As the speed of this process is 
directly dependent on the film thickness, the film is extremely thin.  

We can regard a thin film as a thermodynamic system which is composed of two interacting subsystems, the 
electrons and the phonons like in the TES (see fig. 1). If we suppose that the film is deposited on an insulating 
substrate, the phonon subsystem itself can be further subdivided into two parts: phonons in the metal and 
phonons in the substrate: this give rise to the interface conductance GK. As seen in the TES, if the electron–
phonon coupling is weak, the electron and phonon subsystems attain well-defined, but different, steady-state 
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temperatures.  

These micrometer- and submicrometer-sized superconducting HEBs are essentially of two types: phonon  or 
diffusion cooled.  In a phonon- cooled HEB the microbridge is sufficiently long and the dominant cooling 
effect is through an electron–phonon interaction in the bridge leading to phonon emission with the phonons 
that quickly pass into the substrate. In diffusion-cooled HEB, the microbridge length is sufficiently short so 
that hot electronic can diffuse in to the electrodes and, in this way, will dissipate the heat.  A very low noise-
equivalent power of 3×10-19 W Hz-1/2 at 620 GHz in a super- conducting antenna-coupled HEB, suitable for the 
low-background spectroscopy of molecular lines on next generation space telescopes, has been also reported.  
The sensing element was a micrometer-size Ti TES with NbTiN superconducting contacts fabricated on a 
sapphire substrate. e high sensitivity was due to the small device volume, low operating temperature, and weak 
electron–phonon coupling in Ti films. Measurements were done using a cryogenic blackbody emitter 
producing well-controlled femtowatt power levels.  

 

 

 
 
 
 
 
 
 
Figure 3: DC resistance as a function of temperature measured with 1 nA bias current. Inset scanning electron 
micrograph of a Ti nano-bolometer device on Si substrate. The strip of Ti below the Nb contacts are an artifact 
of the fabrication process  
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