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Abstract

In the last decade, cryogenic bolometers have provided increasingly im-
proved resolution and sensitivity in particle and radiation detectors. Ther-
mal particle detectors have proven their outstanding capabilities in different
fields of fundamental physics, especially in rare event detection. Cryogenic
incoherent detector arrays designed to detect millimeter-wave photons have
helped enable precision measurements of anisotropies in the cosmic mi-
crowave background (CMB), providing a unique probe of early universe
physics and helping to constrain parameters of particle physics such as the
sum of the neutrino masses. We review the latest achievements of cryo-
genic particle detectors for direct detection searches for dark matter and
double-β decay, as well as for CMB measurements, and we discuss expected
improvements aiming to increase the sensitivities of these experiments. An
important challenge is the large-scale implementation of arrays of detectors
such as transition edge sensors, especially in CMB polarization experiments.
We describe the challenges of scaling up to these larger arrays, including
fabrication throughput and development of new multiplexing electronics.
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1. INTRODUCTION

The history of thermal detectors begins in 1878, when Samuel P. Langley (1) invented the bolome-
ter (from βoλή, “ray,” and μέτρoν, “measure”) to measure the spectral distribution of energy from
the Sun. After some improvements, the bolometer, working at room temperature, was able to mea-
sure a temperature change of one-hundred-millionth of a degree Fahrenheit—it was able to detect
the presence of a cow in a pasture by the heat she radiated, even at a distance of a quarter of a mile
(2).

The first detection of single α particles with a cryogenic bolometer was performed in 1949 (3)
with a superconducting 3.5 × 0.4 × 0.006 mm NbN layer at 15 K. It was, however, due to the
development of doped germanium crystals (4) and their implementation as infrared bolometers (5)
that the use of low-temperature detectors (LTDs) began to generate interest in the astronomical
community. After the discovery of the cosmic microwave background (CMB) in 1965, germanium-
based bolometers began to be integrated into millimeter-wave instruments designed to charac-
terize the CMB anisotropies. Early (pre-2000) experiments used either coherent receivers, which
could operate at temperatures of around 20 K (6–14), or small numbers of bolometers (15–21).
Over time, the advantages in sensitivity and scalability of bolometer-based systems made them the
primary technology in current and future CMB experiments, especially at measurement frequen-
cies higher than 90 GHz.

Since 2000, superconducting transition edge sensors (TESs) have replaced germanium ther-
mometers as the standard technology for CMB bolometer pixels because of their ability to be
read out using superconducting quantum interference device (SQUID) multiplexing electronics
and to be integrated into arrays with larger pixel counts. Superconducting kinetic inductance de-
tectors (KIDs) are another direct detector technology that can be scaled to large-format arrays;
they are also being used in several millimeter-wave ground-based experiments and could be suit-
able for use in next-generation CMB experiments. Significant milestones in the development of
bolometric receivers include the characterization of the spectrum of the CMB by the FIRAS exper-
iment (22); measurements of the degree-scale temperature anisotropies by the BOOMERANG
and MAXIMA experiments (23, 24), which determined that the Universe is flat and provided
strong support for the existence of dark energy; cosmic variance–limited characterization of the
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temperature anisotropy; high signal-to-noise measurements of the E-mode polarization by the
Planck, South Pole Telescope (SPT), and Atacama Cosmology Telescope (ACT) experiments (25–
27); and detection of B-mode anisotropy by the BICEP2 and POLARBEAR experiments
(28, 29).

With respect to nuclear and particle physics, however, it was in the late 1980s and early 1990s
that LTDs began to be applied to rare event searches (30). LTDs soon demonstrated their su-
perior capabilities with respect to standard particle detectors. A clear boost for these surveys,
however, occurred around 2000 as a result of three separate events. The first two, both in 1998,
were the discovery of neutrino oscillations (31) and the DAMA experiment’s claim of a weakly
interacting massive particle (WIMP) dark matter (DM) discovery (32). The third, in 2001, was the
controversial claim of zero-neutrino double-β decay (DBD) (33), which was ruled out a decade
later (34).

The advantage of LTDs over conventional detectors has long been established (35, 36). Specifi-
cally, LTDs have an improved detection threshold and better energy resolution, and a wide variety
of materials can be used to produce them. The vast majority of the detectors used in nuclear and
subnuclear physics have a common working principle: to measure the energy released along the
path of an ionizing particle through a material. Such a signal is intrinsically limited by the fact
that only a small fraction of the energy of the particle is involved in the ionization and excitation
processes, as most of it goes into the production of heat and, as such, is lost. More importantly, how-
ever, the interaction of the particle with the detector produces a number of finite events or elemen-
tary quanta (e.g., electron–hole pairs in a semiconductor or photons in a scintillator), proportional
to the energy deposited by the particle and inversely proportional to the mean energy necessary
for the production of each of these quanta. In the case of germanium and silicon semiconductors,
the average energy needed to produce an electron–hole pair is of the order of 2.9 and 3.6 eV, re-
spectively, whereas the best energy resolution obtained so far for semiconductor X-rays detectors
is of the order of 125 eV FWHM (37) (evaluated at 6 keV). In an LTD, however, the elementary
quantum is represented by the phonon, whose energy can be orders of magnitude smaller (the max-
imum phonon energy is given by the Debye cut frequency, which is between 10 and 100 meV for
most materials). Provided that the temperature is sufficiently low, multikilogram bolometers can
be easily operated (38) with FWHM energy resolutions below 0.3% in the energy region of order
(1 MeV).

Several comprehensive reviews of particle LTDs have been published. These include a very
general description of different types of LTDs, using different sensor approaches (39), as well as
an account of the latest developments on TESs for advanced X-ray detection (40).

2. LOW-TEMPERATURE DETECTORS FOR RARE EVENT PHYSICS

The ability to construct LTDs from a wide variety of materials is one of the important advantages
of this technology. It can be fully exploited, for example, to search for very rare α decays using
the so-called source-detector technique, as in the case of the α decay of 209Bi with a half-life
T1/2 = 1.9 × 1019 years (41), the α decay of 209Bi to the first excited level (42), and the recently
discovered α decay of 151Eu (43).

Nonetheless, LTDs present practical challenges. First, they can be operated only at cryogenic
temperatures (in this review, we focus only on detectors working between 10 and 300 mK) and must
be enclosed within a series of four to six thermal radiation shields in 3He–4He dilution cryostats
that—in the best-case scenario—take 1 day to reach the operational temperature. Moreover,
depending on the mass, operating temperature, and type of phonon sensor, the duration of a
thermal pulse can last from a few milliseconds to a few seconds, which can introduce problems
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arising from pileup from natural radioactivity1 and from cosmic rays. These problems can be
overcome (in several cases) only by operating the detectors deep underground.

The second challenge relates to the fact that LTDs measure very tiny temperature differences
over a stable base temperature. Variation in the base temperature will result in unwanted fluctua-
tions in the response of the detector. Such temperature variations can come from different sources
and frequently present a significant challenge for DM and DBD searches. The whole cryogenic
facility may also be responsible for unwanted noise that originates from the mechanic–acoustic
vibrations induced either by moving parts of the setup (pumps, compressors, cryocoolers) or by
the flow and evaporation of the cryogenic fluid itself (44, 45). Such vibrations can work in two
different ways: (a) They can generate energy deposition in the absorbers (46) that can drastically
degrade the energy resolution of the detectors or (b) they can generate microphonic noise on the
readout cables (47, 48).

Very often, these two processes are interconnected, even if their effects on the detectors are
rather different. In the case of pure microphonic noise, in which the noise arises only from the
vibration of the readout wires, thanks to adaptive/optimum filtering (49, 50) both energy resolution
and energy threshold (51) can be efficiently improved, provided that the stochastic microphonic
noise spectrum consists of semidiscrete peaks and the signal bandwidth consists of a continuum
spectrum. In the case of thermal noise that is directly injected into the absorber, the situation is
rather more problematic.

Unlike other kinds of surveys, both DM and DBD experiments consist of searches for sin-
gle events on top of a large number of background events induced by natural radioactivity and
other sources. At present (as discussed in more detail in Sections 2.1 and 2.2, below), the aim
is to operate detectors in an almost-zero background mode, increasing as much as possible the
exposure (mass of detectors multiplied by time of measurement). Doing so requires recogniz-
ing and disentangling background events through very sophisticated particle identification tech-
niques. In the case of DM searches, this is presently the most limiting factor because the data
analysis is performed mostly on threshold, where microphonic and thermal noise play a crucial
role. In fact, in all of the recent results obtained by LTDs in DM searches, the best sensitiv-
ities were obtained only with a small subset of detectors or with a small part of the acquired
data, or both (52–54). The problem of the vibrations and the excess noise generated by the cryo-
genic facility represents the fil rouge of these experiments. Generally there are two strategies to
overcome these problems: attempt to decrease and damp the vibrations generated by the facil-
ity (55–57) and/or decrease the vibrations reaching the detectors by mechanical decouplings (e.g.,
through a pendulum-like structure and/or springs) between the cryostat and detector holders
(58–62).

Moreover, all of these searches have a second common noise source: background events in-
duced by natural environmental radioactivity. This means that all of the materials close to the
detectors, as well as the detectors themselves, have to be fabricated from radiopure materials. In
several cases, this results in serious limitations in the use of materials (e.g., readout cables, support-
ing materials, and the detectors themselves). Finally (as discussed in Sections 2.1.1, 2.1.2, and 2.2,
below), the common challenge presently facing these detectors involves discriminating (back-
ground) events taking place at their surface. Addressing this challenge is the goal of next-generation
experiments.

1By natural radioactivity we mean particles arising from trace contamination (e.g., 238U and 232Th) in the materials surrounding
the detectors as well as within the detectors themselves.
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2.1. Dark Matter Detectors

In the era of precision cosmology (63), we know that DM is five times more prevalent than
baryonic matter in the Universe, and experimental evidence of DM has so far relied solely on
indirect measurements of the effects of DM on gravitational interactions. Among a long list of
hypothetical new particles, WIMPs with a mass in the (GeV–TeV)/c 2 region and weak-scale
interactions naturally provide a relic density that matches that from astrophysical observations.
The participation of such particles in weak-scale interactions would also enable direct detection
in Earth-bound detectors via the process of elastic scattering off atomic nuclei (64).

Because the expected recoil energies are in the keV to sub-keV regime, depending on the mass
of the DM particle and the target material, the challenge of such direct searches is to combine an
ultralow background with a highly sensitive detection apparatus. Direct searches (65) are designed
to register signals in the detector induced by the interacting particles in the form of scintillation,
charge, and/or phonon signals. In the case of LTDs, the phonon signal is used to determine
the total energy released in the absorber by the incident particle, whereas the second channel
(ionization or scintillation) is used to determine the nature of the interacting particle. Neutral
particles (e.g., WIMPs) show a lower ionization/scintillation signal compared with charged
particles depositing the same amount of energy in the phonon channel. In a semiconductor
detector, the ionization yield for nuclear recoils (i.e., WIMPs) is approximately 30% that of
charged particles, whereas the scintillation yield of neutral particles in standard scintillators can
be ∼5–15% that of charged particles.

The use of LTDs for DM searches has recently changed due to the rapid progress of liquid
noble-gas cryogenic experiments (66–69). These experiments have been able to make extraor-
dinary improvements in particle identification, energy threshold, radioactivity levels, and most
importantly the active mass of the detector (∼1 ton). As a result, LTDs for DM searches have
focused on the parameter space that is (and will be) inaccessible to conventional massive detec-
tors, the region of light WIMPs with masses of <5–10 GeV/c 2. This implies enhancement of the
energy threshold toward the keV and, ultimately, the sub-keV region.

Recent results obtained with LTDs are very impressive in terms of both energy threshold
and background rejection. However, this progress has also identified new challenges not only
in detector operation but also in the physics governing rare processes at low temperatures. In
fact, whereas the signals in conventional detectors are induced by ionization processes, the signals
in LTDs are induced by phonons. Unfortunately, there are other processes that can produce
an almost pure phonon signal (70). Fractures and/or relaxations of the crystal absorber lattice can
induce phonon signals that can mimic the DM interaction because the ionization/scintillation
signals are absent or extremely weak (52, 71). In some cases, these relaxations occur in a sudden
burst, with some decay constants that can last a few days (52). Current and expected research and
development on these detectors will involve further reducing the energy thresholds (down to tens
of eV) and attempting to fully understand and mitigate the effect of spurious phonon signals that
can limit background discrimination.

2.1.1. Ionization–heat low-temperature detectors. Ionization–heat LTDs make use of
undoped silicon and germanium crystals, both as crystal absorbers and as ionization detectors. At
milli-Kelvin temperatures, effectively, all free electric carriers are completely frozen out so that
there is no need to create a depletion layer as in conventional (i.e., doped) silicon and germanium
diodes. The charge generated by ionizing particles can be easily collected by means of ohmic
contacts.
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The use of ionization–heat detectors for DM searches provides several advantages. Both germa-
nium and silicon crystals have a large industrial market, so their development as pure and single
(perfect) crystals is well established. Moreover, unlike other types of crystals used in this field,
they can have extraordinary radiopurity (72). Finally, thanks to the Neganov–Trofimov–Luke
effect (73, 74), the phonon signal can be amplified by a suitable electric field with the possibility
to lower the energy threshold to unprecedented values (see Section 2.3).

As mentioned in the previous section, the key development for these detectors was and is the
discrimination of surface events. Particle interactions taking place on the surface of the detector (a
few tens of micrometers, equivalent to β/γ events up to 10–20 keV) will unavoidably suffer from
incomplete charge collection in a similar (but different) way as occurs in conventional germanium
diodes. Because the total phonon pulse height does not depend on position, the incomplete charge
collection for surface events mimics the interaction of a neutral particle, such as the WIMP signal.
In the remainder of this section, we review the results obtained by two collaborations exploiting
this technique: Edelweiss (75) and SuperCDMS (76).

The Edelweiss Collaboration developed cylindrical germanium crystals (∼800 g each) with a
very powerful charge collecting scheme by using fully interleaved digitized (FID) electrodes—that
is, a series of interleaved concentric aluminum electrodes (alternately biased) that also extends
laterally (Figure 1a). The fiducial electrodes collect the charge of events releasing energy inside
the detector while charge depositions taking place a few millimeters from the surfaces are
tagged by signals on a veto electrode. The full detector thus comprises two temperature sensors
[neutron transmutation doped thermistors (NTD) (77)] and four types of collecting electrodes.
The corresponding charge collecting field produces a sort of fiducial (inner) volume (∼75% of
the total volume) in which the charge produced close to the boundary cannot diffuse: Charges
from surface events will drift to the same-side (oppositely biased) electrodes, whereas the charges
produced in the bulk perceive the stronger potentials from the fiducial electrodes. From the

+4 V  fiducial

−4 V  fiducial

−1.5 V veto

Thermistors

+1.5 V veto

Ionization

Phonon

e h

e

h

a b

Figure 1
(a) The bare 800-g Edelweiss-III full interleaved detector (FID) (70 mm in diameter, 40 mm high) with a pictorial view of the inner
electric field lines as derived from numerical calculations. (b) The 1.4-kg SuperCDMS germanium interleaved Z-sensitive ionization
phonon (i-ZIP) detector (100 mm in diameter, 33 mm high) that will operate at SNOLAB (80). The yellow lines are intended to guide
the eye and point out the six lithographically deposited transition edge sensor structures. (Inset) Image of the ionization and phonon
rails. Panel a modified with permission from the Edelweiss Collaboration. Panel b modified with permission from the SuperCDMS
Collaboration.
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independent readout of the four electrodes, a very powerful surface-event discrimination can be
performed.

The temperature sensors are NTDs, one on the top and the other on the bottom of the flat
faces, operated at temperatures close to 20 mK. The main sensitivity limitation of these detectors is
related to the presence of heat-only events (52). These events, as discussed above, could originate
from mechanical or fracture processes (both internal and external to the fiducial volume) and mimic
potential WIMP-induced recoils for which the deposited energy is large enough to be triggered
by heat channels but the quenching is too small to generate a detectable fiducial ionization signal.
The use of two independent thermistors assists in the rejection of spurious noise that could be
generated, for example, by microfractures induced by the glue used to couple the thermistors to
the germanium absorber. In this case, the heat signal will prevail on the sensor close to the glue,
whereas true WIMP signals will have to show the same pulse height on both thermistors.

The SuperCDMS Collaboration uses both germanium and silicon detectors. The use of dif-
ferent target nuclei in the same setup permits a better understanding of the induced backgrounds
at very low energies, especially those induced by possible environmental neutrons that will show
different energy spectra in the two types of detectors. In this case, the temperature sensors are a
series of TESs patterned on the top and bottom parts of the crystal (78). The working temperature
of the detectors is between 55 and 62 mK. The main advantage with respect to semiconductor
thermistor-based devices is that the TESs are sensitive to ballistic phonons (i.e., the phonons
propagating almost straight from the impact position of the particle), so that some important in-
formation about the position of the event is contained in the pulse shape and arrival time measured
by the independent TES channels. The charge collecting electrodes (operating at approximately
+2 V on the top and approximately−2 V on the bottom) are interleaved with the TES strings and
kept at 0 V in order to disentangle surface events, similar to the process discussed above. There
are no electrodes on the lateral side of the detector, and in order to disentangle surface events, the
top and bottom of the electrodes consist of an inner (fiducial) electrode and an outer (guard) elec-
trode (Figure 1b). Each detector has six TES phonon channels on each side, arranged as an inner
core, surrounded by four wedge-shaped channels and one outer ring. An outer ionization channel
shares the same area and is interleaved with the outermost phonon ring, and an inner ionization
channel is interleaved with the remaining phonon channels. An individual detector thus consists
of 12 TES channels and 4 ionization readouts. The Edelweiss and SuperCDMS Collaborations
have similar root-mean-square (rms) baseline energy resolutions (75, 76) of 200–400 eV for both
heat and ionization channels.

Both experiments make use of statistical algorithms to minimize the energy threshold and to
reject the background induced by environmental radioactivity and false heat-only pulses. Both
experiments end up with a boosted decision tree algorithm whose training makes use of several
input parameters, such as simulated background events, neutron calibration events, and a simulated
WIMP nuclear recoil spectrum. This algorithm, performed individually for each detector, reveals
very small efficiencies that, on threshold (between 1 and 1.6 keV for both experiments), can reach
values below 5% (75, 76). These cumulative cuts—even if characterized by rather small efficiencies
on the background data—are able to reject a large fraction of non-DM events, resulting, finally,
in an overall increase in sensitivity for DM searches.

Two major improvements are expected in the very near future. First, the noise in the charge
readout channel could be improved by a factor of approximately three by use of high–electron
mobility transistor (HEMT) amplifiers instead of the standard junction gate field effect transistor
( JFET) amplifiers that are presently in use. This would enable an ionization rms of the order
of 100 eV (79, 81). Furthermore, JFETs require an operating temperature above 80 K, whereas
HEMTs natively operate at ∼4 K; therefore, the complexity of the readout scheme, as well as the
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cable links from detectors to the first ionization amplification stage, can be significantly reduced.
Second, the use of the Naganov–Trofimov–Luke amplification (see Section 2.3) could reduce the
heat energy threshold by more than one order of magnitude.

2.1.2. Scintillation–heat bolometers. The use of the scintillation signal to reject natural ra-
dioactivity provides several advantages with respect to germanium and silicon heat–ionization
devices. For example, different nuclei constituting a crystal will produce a slightly different scin-
tillation signal depending on which nucleus is hit by the impinging particle (82). The expected
WIMP recoil spectrum (assuming coherent scattering) will therefore show different features de-
pending on the mass of the WIMP particle. In the case of CaWO4 crystals, used by the CRESST
experiment (83), the WIMP energy spectrum will be completely dominated by tungsten scatters
for WIMP masses above 20 GeV/c2; at the same time, the light targets (calcium and, especially,
oxygen) make these detectors particularly sensitive to WIMP masses of the order of a few GeV/c2.
Furthermore, knowledge of the recoil composition of different constituents could also enable
a test of the assumed dependence—∝(atomic mass)2—of the spin-independent WIMP–nucleon
cross section. Moreover, the environmental background induced by neutrons (visible mainly as
oxygen scatters for reasons of simple kinematics) could be statistically discriminated. In addition,
the possibility to choose and, in the case of a positive signal, to switch between a large number of
target nuclei could permit a search for different types of possible couplings, such as spin-dependent
interactions. From this point of view, the extreme versatility in the choice of the target material
makes this technique very powerful.

The CRESST experiment is presently running its third phase: an array of 10 modules, each
consisting of a CaWO4 crystal absorber and its light detector (Figure 2). In order to eliminate
events induced by surface radioactivity, all of the materials inside the copper detector housing are
fabricated from scintillating materials. This is crucial, especially for the rejection of nuclear recoils
produced by surface α emitters, which can mimic DM particle recoils. The few-MeV α particles
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Figure 2
(a) The 24-g CRESST-III detector module (84) with part of the reflective and scintillating housing removed. The light detector consists
of a very sensitive Al2O3 crystal bolometer that shows baseline resolution of the order of 4–10 eV (approximately two to four scintillation
photons). Both the phonon and light detectors are held by scintillating CaWO4 sticks. (b) A typical 500-eV pulse in the absorber,
recently obtained by the running experiment at Gran Sasso, that shows the extremely high energy sensitivity that can be reached
by these detectors; 1 out of the 10 modules of CRESST shows an impressive energy threshold of 25 eV (83a). Abbreviations: SQUID,
superconducting quantum interference device; TES, transition edge sensor. Modified with permission from the CRESST Collaboration.
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emitted in the decay will produce enough light in the scintillating materials to veto this harmful
background very efficiently. CRESST absorber crystals are kept in position by so-called iSticks,
which, as the main absorber, are made from CaWO4. Particle interactions or stress relaxation
events taking place in these holding sticks also transfer a small fraction of the total energy deposit
to the main absorber via the tiny contact area. Because such events could mimic potential DM
interactions, the sticks are equipped with TESs, thereby providing a reliable and active veto against
such sources of background.

The COSINUS experiment (85) was recently proposed; it will use NaI heat–scintillation
bolometers to directly test the DAMA/LIBRA claim (86). The first tests, obtained with CsI crys-
tals, are very promising (87), and the final experiment conducted with NaI crystals will not only
cross-check the claim but also aid our understanding of the nature of the interacting particle,
thanks to the different scintillation quenching.

The heat–scintillation technique, although very versatile with respect to heat–ionization de-
vices, has some different limitations. The first involves the intrinsic radiopurity of scintillating
crystals. Even in the presence of very accurate particle identification, internal radioactive con-
tamination remains an important bottleneck, the solution to which requires not only time but
also developments in both material selection and crystal growing techniques that—in contrast
to semiconductors—have no reasonable market application. The second drawback is that, unlike
semiconductors, this technique cannot make use of the Neganov–Trofimov–Luke heat signal am-
plification (discussed in Section 2.3). Therefore, the only way to significantly improve the energy
threshold is to reduce the mass of the absorbers. The mass ratio of the SuperCDMS germanium
single detector with respect to the CRESST single module is 1,400 g/24 g ≈ 60.

2.2. Double-β Decay Low-Temperature Detectors

Neutrinoless DBD (88) represents one of the best probes to test lepton number conservation
and allows for the investigation of the nature of the neutrino mass eigenstates. Searches for this
decay have been performed for decades, investigating a wide variety of nuclei with many different
experimental techniques (89). The experimental signature is in principle very clear: One should
expect a sharp peak at the Qββ value of the reaction (2–3 MeV for most of the interesting emitters)
to be disentangled from a continuous background induced by natural radioactivity. Despite such a
characteristic signal, the rarity of the processes under consideration makes their identification very
difficult. Such remotely probable signals have to be disentangled from background arising from
natural radioactive decay chains, cosmogenically induced activity, and human-made radioactivity,
which deposit energy in the same region as the DBD but at a faster rate. Consequently, the main
task in DBD searches is to decrease and (possibly) identify the induced background. Bolome-
ters are ideal detectors for this purpose because of their excellent energy resolution, choice of
materials (DBD emitters), and possibility of recognizing the nature of the interacting particle.
In recent years, increased sensitivity was obtained through large-mass TeO2 bolometers (90,
91).

The Cryogenic Underground Observatory for Rare Events (CUORE) detector (Figure 3a)
represents the ultimate challenge for this research: 988 TeO2 crystal bolometers for a total ac-
tive mass of ∼741 kg, operating at a temperature close to 10 mK. Similarly to DM LTDs, the
major source of background for this survey is due to surface events (92): High-energy (4–6 MeV)
α particles arising from surface contamination (from dead layers facing the detectors as well as the
detectors themselves) can lose part of their energy and strike the crystal with the same energy as
the DBD peak. The amount of contamination is so low (≤ few 10−8 counts h−1 keV−1 cm−2) that
they cannot be measured—or even screened—with any standard device or technique.
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Figure 3
(a) The 988 TeO2 crystals framed in 19 towers inside the CUORE cryostat. The entire setup is inside an airtight clean room flushed
with low-radon-content air to prevent surface radioactive contamination induced by radon implantation. (Insets) Details of a single tower
(top) and of the neutron transmutation doped thermistors coupled to the crystals (bottom). The detector was cooled down in December
2016, and the physical background run started in April 2017; the first preliminary results show that an average energy resolution of 7.9
keV FWHM at 2,615 keV has already been achieved (91a). (b) The α versus β/γ discrimination obtained with a 435-g, 95%-enriched
130TeO2 crystal, thanks to the readout of the weak Cherenkov light emitted by electrons. The thermistor-based germanium light
detector takes advantage of the Neganov–Luke amplification (113). Panel a modified with permission from the CUORE Collaboration.

To overcome this troublesome background, in 2005 researchers suggested (93) reading out
the scintillation light through a second LTD, in the same way as for DM searches. Originally,
the idea was to use scintillating DBD bolometers consisting of DBD emitters with high Qββ

values (94–96) to simultaneously overcome both surface radioactivity and the most prominent
natural high-energy radioactivity, induced by the line of 208Tl, at 2,615 keV. Moreover, some
scintillating crystals (e.g., ZnSe and molybdates) have a very peculiar feature: The thermal pulse
induced by an α particle shows a slightly faster decay time than that induced by β/γ interactions.
This feature can be explained (97) by the relatively long scintillation decay time (of the order of
hundreds of microseconds) observed at cryogenic temperatures in some crystals (98). This long
decay, combined with a high percentage of nonradiative de-excitations of the scintillation channel,
will produce delayed phonons (i.e., heat) in the crystal. This extremely tiny, but measurable, time-
dependent phonon release has different absolute values for isoenergetic α and β/γ particles due to
their different scintillation yields. This means that, in principle, particle discrimination could be
obtained in scintillating crystals without light detection. However, doing so requires a very good
signal-to-noise ratio because this effect is rather small (99).

Several DBD experiments using scintillating and isotopically enriched crystals are being
operated or constructed. CUPID-0 (100), formerly LUCIFER (101), is currently running using
an array of 24 enriched Zn82Se crystals; AMORE (102) will use depCa100MoO4 (or another
molybdate such as Zn100MoO4 or Li2100MoO4); and LUMINEU (103) will use an array of
Li2100MoO4 crystals.
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2.3. Neganov–Trofimov–Luke Amplification

The so-called Neganov–Trofimov–Luke amplification, commonly called Neganov–Luke (NL)
amplification, is based on the application of an electric field in a semiconductor cryogenic detector.
The work performed by the field on the drifting electron–hole pairs (generated by the energy
release of the impinging particle) is converted into additional heat, which can considerably amplify
the thermal signal read by the phonon sensor. In the ideal case, the gain in terms of phonons can
simply be written as

G = 1+ e�V
ε

, 1.

where e is the electron charge, �V is the applied drift voltage across the electrodes, and ε is the
mean energy needed to create an electron–hole pair (in germanium, this value is ∼3 eV). This
mechanism is particularly interesting because the heat amplification can be used to substantially
decrease the energy threshold. This mechanism can be explained as a sort of phonon avalanche
induced by the electron–hole pairs accelerated by the field. The advantage is that, in principle,
this avalanche is independent of any other source of noise. This effect is rather well known and is
normally taken into account to correct the energy scale in heat–ionization detectors: Due to the
different ionization yield, neutral particles will have a slightly different amplification so that the
energy scale for nuclear recoils (WIMPs) has to be renormalized with respect to the β/γ scale.

This technique was recently applied, with excellent results, by the SuperCDMS Collaboration
(53) in the CDMSlite experiment. Through the use of a large bias field (∼70 V) on a germanium
interleaved Z-sensitive ionization phonon (i-ZIP) detector, the effective threshold was lowered
to 56 eV. The SuperCDMS Collaboration (80) plans to use eight germanium and four silicon
detectors with NL amplification in the near future, with a projected phonon rms energy resolution
of the order of ∼10 eV. The Edelweiss Collaboration (104) recently succeeded in operating an
NL-amplified germanium detector with a field of 180 V and a heat gain of the order of ∼60.
Note, however, that there is a clear drawback in this large heat amplification: The information
about the heat–ionization ratio (fundamental for event discrimination) is washed out because at
high gains the heat signal will simply be proportional to the ionization.

NL amplification, however, can be very effectively used to enhance the capabilities of bolomet-
ric light detectors. The use of NL amplification in this field began in 2005 with the goal of increas-
ing the energy threshold of bolometric light detectors for heat–scintillation DM searches (105).
However, the first tests were seriously limited by an increase in baseline noise due to the presence
of the electric field, generating unwanted dark currents within the device. Later, in 2012, the
first encouraging result was obtained with a silicon absorber and an iridium/gold bilayer TES,
in which, thanks to NL amplification, an increase in the signal-to-noise ratio of approximately
nine was obtained (106). A subsequent boost in research and development was driven by the pos-
sibility to read out the tiny amount of Cherenkov light from TeO2 crystals in order to actively
discriminate α particles in nonscintillating DBD crystals (107, 108). In the last 2 years, several
NL-amplified devices were developed to read out the Cherenkov light from TeO2 crystals: with
silicon absorbers and TESs (109), with germanium absorbers and NTD (110), and with silicon
absorbers and NTD (111). The most recent, very promising result, in view of CUPID (CUORE
upgrade with particle identification) (112), was recently obtained (113) with NTD-based germa-
nium NL-amplified devices coupled with 435 g of enriched 130TeO2 crystals (Figure 3b).

3. LOW-TEMPERATURE DETECTORS FOR NEUTRINO
MASS EXPERIMENTS

In contrast to DBD searches, direct measurement of the (anti)neutrino mass through high-
energy-resolution single-β decay spectroscopy does not rely on the nature of the neutrino
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particle. The precise high-statistics measurement of the shape of the endpoint spectrum can
measure the neutrino mass irrespective of its nature (Dirac or Majorana particle). In recent years,
several pioneering experiments using 187Re-based LTD microcalorimeters were developed (114)
as an attractive alternative to tritium experiments (115).

Present-day experiments are focusing on 163Ho electron capture driven mainly by the fact that
163Ho has a relatively short decay time such that it can be implanted (as a sort of negligible doping)
in standard high-energy-resolution X-ray microcalorimeters. The necessary compromise in this
survey is the balance between having a very good energy resolution detector and a very fast rise
time in order to get rid of pileup events that will spoil the shape of the β spectrum close to the
endpoint.

The HOLMES experiment (116) will make use of molybdenum/copper TESs at a temperature
of 100 mK. Due to the large number of TES channels expected for this experiment, the develop-
ment of multiplexed readout is mandatory. Preliminary results with microwave radio-frequency
(RF) multiplexed SQUIDs show energy resolution of the order of 5 eV with rise times of the order
of 10 µs (117).

The ECHo experiment (118) will use metallic magnetic calorimeters (MMCs) at temperatures
of the order of 50 mK. MMCs are the fastest LTDs developed to date, with rise times one order
of magnitude shorter than those obtainable with TESs. In this case as well, the array will need a
microwave RF multiplexed SQUID readout; recent microwave multiplexing devices (119) were
able to measure rise times of the order of 90 ns, even though the energy resolution, which reached
approximately 50 eV, needs further improvement.

4. LOW-TEMPERATURE DETECTORS FOR COSMIC MICROWAVE
BACKGROUND PHYSICS

Observables in the CMB consist of anisotropies in both temperature and polarization, as well
as distortions in the spectrum compared with an ideal blackbody. The amplitude of these effects
ranges from <10−9 to 10−4 of the CMB or, when expressed as a temperature variation, from nano-
Kelvin to hundreds of micro-Kelvin. CMB measurements are compared with models that predict
the properties of the different observables as a function of values for a set of parameters. These
parameters include fundamental physics properties such as the DM and dark energy densities
(�dm and �, respectively), the sum of the neutrino masses, and the effective number of light
relativistic species (Neff ). To date, no significant global spectral distortions have been detected
(although local distortions from the Sunyaev–Zel’dovich effect toward galaxy clusters have been
detected in a large number of objects).

Current anisotropy measurements can be fit to a minimal set of six parameters, namely the
baryon density (�b h2), the cold dark matter (CDM) density (�c h2), the sound scale at recombina-
tion (θMC), the optical depth to recombination (τ ), the index of scalar perturbations (ns), and the
perturbation amplitude at a scale of 0.05 Mpc−1 (As) (120). From these parameters it is possible
to derive the value of other quantities, such as the Hubble constant (h) and the densities of matter
(�m) and dark energy (�). However, this model contains several assumptions, including that the
sum of neutrino masses is equal to 0.06 eV, that there are no tensor fluctuations, and that the dark
energy is in the form of a cosmological constant.

The lensing signal in the CMB can be extracted from the three-point correlation function
of the temperature and E-mode anisotropy and from the B-mode anisotropy, and can provide a
constraint on the neutrino masses through an effect on the evolution of large-scale structure. Pri-
mordial gravitational waves in the early Universe could also produce a B-mode polarization signal
and a non-Gaussian distribution in the temperature or polarization anisotropies. Characterization
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of the evolution of the number of galaxy clusters as a function of redshift and mass is one way of
constraining the equation of state of dark energy. More precise measurements of the anisotropies
will allow all of these effects to be explored in depth over the next decade. Improvements in these
measurements will require better instrument sensitivity, mapping speed, and control of systematic
effects.

4.1. Current Cosmic Microwave Background Experiments

Several ongoing CMB experiments are designed to characterize the polarization anisotropy
from both ground-based and balloon-borne platforms. These include the BICEP/Keck
experiments (121); SPT polarization experiment (122); POLARBEAR experiment (123);
Cosmology Large Scale Surveyor (CLASS) (124); SPIDER, EBEX, and PIPER balloon-borne
experiments (125–127); and ACT polarization (ACT-Pol) experiment (128, 129). All of these
experiments have focal planes with on the order of 1,000–10,000 TES bolometers. The individual
detector sensitivities are limited by the background loading from the instrument and the atmo-
sphere, as the detector noise is typically comparable to the photon noise sensitivity limit. Table 1
lists the basic parameters for some of the current CMB experiments.

Individual single-mode detectors in ground-based CMB experiments have achieved close to
quantum limited sensitivity dominated by photon noise from background loading corresponding
to approximately 300 µK

√
s. Balloon-borne instruments have achieved a sensitivity per detector

that is approximately twice as high (e.g., SPIDER) (Table 1), which could improve by another
factor of approximately 1.5, corresponding to a mapping speed advantage of a factor of 4–9.
The ultimate single-mode sensitivity limit is from the photon noise in the CMB alone, which
is approximately 50 µK

√
s for a 30% band centered at a frequency near the CMB peak. This

sensitivity is achievable with existing LTD technology operating from a base temperature of on
order 100 mK. Therefore, the main focus for improvement in instrument sensitivity and speed is

Table 1 Parameters of transition edge sensor detectors from recent cosmic microwave background experimentsa

Instrument νcen �ν Popt Tbase NEPdet Efficiency Sensitivity
(reference) (GHz) (GHz) (pW) (mK) (aW/

√
Hz) (aW/

√
Hz) (µK

√
s) Ndet

CLASS40 (130) 38 10 1.7 70 8 0.58 211 72

CLASS90 (130) 90 30 4.0 70 12 0.48 180 1,036

ACT-MBAC (131) 148 28 4.0 300 54 0.25 890 1,024

BICEP2 (132) 150 43 4.7 270 38 0.38 320 512

SPIDER90 (125) 90 25 0.8 270 17 0.38 135 512

SPIDER150 (125) 150 38 0.8 270 17 0.38 130 512

ACT-Pol150 (133) 146 51 5.1 80 15 0.25 320 2,558

POLARBEAR (134) 148 34 6 250 83 0.35 745 1,274

SPT100 (135) 98 31 7.3 280 33 0.1 1,540 960

SPT150 (135) 155 35 7.5 280 33 0.15 1,340 960

SPT220 (135) 220 49 17 280 40 0.14 3,100 960

SPTPol-90 (136) 91 30 10 280 35 0.33 620 360

SPTPol-150 (136) 146 43 9.2 280 49 0.34 530 1,176

aνcen is the approximate band center, �ν is the bandwidth, Popt is the typical optical power absorbed by the detector, Tbase is the focal plane base
temperature, NEPdet is the detector noise-equivalent power or sensitivity to a change in absorbed power in a 1-s integration, and Ndet is the number of
detectors in the instrument.
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increasing the system throughput (product of the telescope aperture, A, and the instantaneous field
of view, �) and, therefore, the number of modes: Nmodes = A�/λ2. This increase in throughput
requires an increase in either detector size (for multimode detectors) or number of detectors (for
single-mode detectors). Single-mode detectors can also provide the highest angular resolution
when coupled to a fixed telescope aperture. Future ground-based CMB experiments are planned
to have a 10–100-fold increase in throughput and number of detectors. Fielding 105–106 LTDs
requires new developments in detector fabrication and readout.

4.2. Fabrication of Large Low-Temperature Detector Arrays

State-of-the-art CMB TES arrays come in three variations of optical coupling: (a) planar antenna
phased arrays (e.g., the BICEP/Keck arrays), (b) horn-coupled arrays (e.g., AdvancedACT-Pol
and CLASS arrays), and (c) lens/antenna arrays (e.g., the Simons and SPT-3G arrays), each of
which contains approximately 1–10,000 detectors. The BICEP/Keck detectors are planar slot
antenna arrays connected by superconducting transmission lines, then coupled to TES detectors
to form pixels with directed beams in two polarizations with band-pass filters all on-chip. The
AdvancedACT-Pol and CLASS detectors consist of planar superconducting wave-guide probes
coupled to superconducting planar transmission lines, which enable the signals to be divided
into the two polarizations, as well as multiple frequency bands on-wafer before being coupled to
the TES detectors. The wave-guide probes are fed by direct machined profiled horns or silicon
micromachined horn arrays (Figure 4). The detectors for the Simons and SPT-3G arrays are
planar antennas coupled to lenslet arrays and incorporate on-wafer polarization separation and
filtering. All of these detector types and plans for scaling them up to arrays of 105–106 pixels are
described in detail in the CMB-S4 instrument book (see https://cmb-s4.org/).

Fabrication of these detectors requires new approaches to reduce the cost and time per detector.
Areas under investigation include increasing wafer sizes from typically 4 inches to 6 inches and
transferring fabrication technology to multiple fabrication centers in both research and commercial
institutions.

Another approach to increased detector counts is to use a different LTD technology—KIDs—
to decrease the complexity of the detector design, fabrication, and multiplexing processes. KIDs
are superconducting resonators that change their resonant frequency in response to absorbed
incident radiation. A large array of direct absorbing or lumped element KIDs (LEKIDs) can be
fabricated with a relatively small number of processing steps compared with a TES array, and
KID focal planes have been used in ground-based astronomical instruments at frequencies rang-
ing from 150 GHz to 1 THz (139–141). In addition, polarization-sensitive KIDs are planned for
use in ground-based instruments at frequencies ranging from 150 to 300 GHz (G. Wilson & A.
Monfardini, personal communication) and on the BLAST and STARFIRE balloon-borne far-
infrared instruments (142, 143). Although promising results have been obtained for dual-
polarization KIDs in the laboratory (144), KIDs have not yet been deployed in a CMB polarization
experiment.

4.3. Readout of Large Low-Temperature Detector Arrays

The development of cryogenic multiplexing electronics for the readout of arrays of LTDs has
enabled the current generation of CMB experiments to have on the order of 10,000 detectors.
The two main readout electronics systems for TES bolometers in use today are time-division
multiplexing (TDM) (146, 147) and frequency-division multiplexing (FDM) (148), both of which
use SQUID current amplifiers. Figure 5 depicts the basic schematics of TDM and FDM readout
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(a) Schematic of a single-mode horn coupled to a planar wave-guide probe orthomode transducer to separate the two incoming
polarizations and couple them to planar microstrip lines (137). (b) (Top) Photographs of dual-polarization multichroic (dual-band)
transition edge sensor (TES) detectors for cosmic microwave background measurements. (Bottom left) The measured frequency
response of the different detectors from a single device. (Bottom right) The measured detector noise from a microwave multiplexed
superconducting quantum interference device readout system coupled to a TES (138). (c) (Left) Photograph of a dual-polarization
kinetic inductance detector (KID) prototype developed for measurements of submillimeter-wavelength polarized dust emission with
the BLAST experiment (142). (Right) The measured noise as a function of absorbed optical power compared with the expected level of
photon noise (145). Abbreviations: NEP, noise-equivalent power; UMUX, ultrahigh-frequency multiplexer.

systems. In TDM systems, the signal from each detector is read out sequentially with other
detectors in a column. Detectors in each column are selected by sending address signals in sequence
to each row of SQUID switches. In FDM systems, each detector has a cryogenic inductor-capacitor
(LC) filter that defines a unique resonant frequency, f0, and separates the signal from the other
detectors in the frequency domain. For current FDM systems, the readout frequencies range from
0.1 to 10 MHz. The detectors are biased with a frequency comb corresponding to the set of filter
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resonances, and the signals from all of the detectors are combined and read out continuously with
a single SQUID amplifier.

A significant challenge for next-generation CMB experiments is scaling the readout electronics
from current array sizes to one or two orders of magnitude more detectors. Currently, TES
detectors are read out with multiplex factors (the number of detectors read out on a single line) of
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32–68 with both TDM (28, 129) and FDM (149, 150) systems. In order to keep the complexity and
thermal input of the wiring comparable to those of existing systems, it is desirable to increase this
multiplex factor significantly. Scaling up the existing TDM systems is challenging; for example,
the TDM readout in the AdvancedACT-Pol experiments requires hundreds of multiplex chips and
more than 20,000 wire bonds to read out 2,024 detectors (151). For this purpose, a relatively large
area is required around the detector wafer, making tiling of focal planes into larger arrays difficult.
The largest multiplexing factor demonstrated in the lab for FDM systems operating at megahertz
frequencies is 176 (152). One promising way to increase the multiplex factor, called microwave
multiplexing, involves scaling the FDM method by increasing the system bandwidth through
the use of on-chip superconducting resonators coupled to SQUIDs that modulate their effective
inductance in response to changes in current through the TESs (154). For resonant frequencies in
the range of a few gigahertz, it is possible to multiplex on the order of 1,000 detectors on a single
coaxial cable. This factor is similar to the multiplexing factors already achieved with KID arrays,
and the associated electronics are also similar to those developed for KID readout.

5. FUTURE PROSPECTS

We anticipate that LTDs will provide compelling new results for DM and DBD searches within
the next few years. The first 1-ton cryogenic DBD experiment is already taking data, demonstrat-
ing that masses as large as 1 ton can be easily operated at temperatures below 10 mK. DM LTDs
show that the sub-keV energy threshold has now been reached, opening up new frontiers of sensi-
tivity toward the M wimp< few (GeV/c 2) parameter space. Research and development are ongoing,
demonstrating the readiness of isotopically enriched DBD bolometers with heat–light readout for
next-generation experiments and introducing new challenges in DM detector development in the
energy threshold region below 100 eV.

The next generation of ground-based CMB experiments, including the recently established
Simons Observatory and the planned CMB-S4 survey, aims to increase the CMB mapping speed by
factors of 10–100 over that of current experiments. This increase will enable similar improvements
in parameter space for the detection of primordial gravitational waves and constraints on inflation,
measurements of the sum of neutrino masses, searches for light particle relics, and constraints on
other fundamental physics parameters (155). Suborbital and space-based surveys will be needed
to obtain complete spatial and electromagnetic frequency coverage of CMB anisotropies. Several

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
Figure 5
(a) Schematic for time-division multiplexing readout (151). Transition edge sensor (TES) detectors are
coupled to a readout of superconducting quantum interference device (SQUID) series arrays along a
column. All of the TES detectors are shunted by row-select SQUID switches, which are opened sequentially
to send the signal from one TES detector at a time to the buffer amplifier and warm electronics. (b)
Schematic for base-baseband feedback (BBFB) frequency-division multiplexing readout (150). Each TES
detector is coupled to an inductor-capacitor resonant filter; they are biased in parallel with a frequency comb
generated from a reference local oscillator (LO) that feeds the ac bias digital-to-analog converter (ACB
DAC). The signals are read out with a cryogenic SQUID series array (SSA) amplifier that is kept at a fixed
series array (SA) bias by use of a feedback (FB) flux signal from the FB DAC. The SQUID voltage is
amplified by a second SQUID stage and a warm low-noise amplifier (LNA) and then digitized. The digital
signals are downconverted to baseband, and the feedback signal is then computed inside the control
electronics. Abbreviation: EMI, electromagnetic interference.

www.annualreviews.org • Advances in Bolometer Technology 177



NS67CH07-Pirro ARI 18 September 2017 7:44

balloon-borne missions are ongoing or being proposed. In addition, several satellite missions are
under study. For all of these experiments, careful control and characterization of experimental
systematic effects, as well as removal of signal contamination from astrophysical foregrounds, will
be needed. Fundamental to these efforts will be detailed optimization and characterization of LTD
arrays.
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