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Thermal Detectors

Thermal Detectors

▸ Converts deposited energy into a change in 
temperature of the detector 
▸ Energy → Phonons →  Phonon detection 

▸ Consists of an absorber and thermometer 

▸ Microcalorimeter → small mass absorbers (≾1 gram) 
▸ Bolometer arrays (cosmic microwave background) 
▸ Single photon counting (nano-bolometers) 
▸ Can be fabricated onto boards 

▸ Macrocalorimeters → large mass absorbers (from 
grams - kilograms) 
▸ Large target mass (neutrino & dark matter), large 

isotope mass (β-decay, ββ-decay), etc 
▸ Typically measuring individual events 
▸ Instrumented individually
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Thermal Detectors

Macrocalorimeter Detectors

▸ Detectors are segmented  

▸ Position reconstruction, background 
identification, etc 

▸ Excellent energy resolution → ~0.2% FWHM 

▸ Excellent detection thresholds → < 1 keVee for DM 

▸ Absorbers can be made from a variety of materials 
for a range of purposes 

▸ Mo, Te, Se → 0νββ 
▸ Ge, CaWO4 → Dark Matter 
▸ Superconductors → CEνNS 

▸ Easily scalable into large arrays. Current detectors 
operating ~ton scale detectors with 1000s of 
channels.
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Thermal Detectors

Neutrinoless Double Beta Decay (NP)
▸ Question of the Dirac/Majorana nature of the 

neutrino 
▸ Beyond the SM generation of neutrino mass 

(seesaw mechanism) 
▸ Demonstrates violation of lepton number and 

has implications for baryon asymmetry of the 
universe 

▸ Listed as a priority in the 2015 DOE NSAC long 
range plan 
▸ CD-0 Mission Need for next-generation ton-scale 

0νββ experiment  

▸ Currently CUORE is the largest running 
macrocalorimeter experiment 
▸ O(1000) channels 
▸ Using ~GΩ NTDs with O(1000) readout channels 
▸ CUPID looking to instrument O(2000) readout 

channels 
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CUORE 
Absorber: TeO2 
Thermometer: NTDs 
Mass: 741 kg

CUPID-0 / CUPID-Mo 
Absorber: LiMoO4, ZnSe 
Light Detector: Ge 
Thermometer: NTDs 
Mass: 5-10 kg

AMoRE 
Absorber: CaMoO4 

Light Detector: Ge 
Thermometer: MMC 
Mass: 5-10 kg

performance of the detector can be determined by how effi-
ciently the magnetic flux changes, corresponding to temper-
ature increases, are measured. The meander-shaped coil is
connected to the input coil of a SQUID and is also used as a
pick-up coil to measure the magnetic flux changes of the
MMC [2]. At low operating temperatures, the heat capacity of
the sensor and absorber materials decrease significantly,
which makes the detector system quite sensitive and capable
of achieving a high energy resolution.

A MMC-based detector module aiming to use scintillat-
ing crystals as absorbers was designed. The detector module
is composed of a CaMoO4 scintillating crystal [6, 7], sup-
ported by a copper frame, and MMCs. The heat (phonon)
induced by the interaction of an energetic particle in the
absorber (the CaMoO4 crystal) is measured by an MMC
through the corresponding change in the magnetization of the
MMC sensor material, read out by a SQUID. The phonon
sensor is composed of a gold film of 2 cm diameter coupled
through annealed gold wires to the MMC. The gold film,
designed to have a high collection efficiency, is evaporated on
the bottom of the crystal and is connected to the MMC and
the SQUID, placed on the copper frame supporting the
crystal, using several gold wires to ensure a good thermal
coupling. The scintillation light (photon) induced in the
crystal is collected by using a reflector film (Vikuiti) around
the crystal and measured by a photon sensor consisting of a 2
inch Ge wafer, placed on top of the crystal, and a second
MMC, connected to three gold films deposited on the wafer
[8, 9]. The temperature increase in the wafer, generated by the
light, is measured using the MMC and SQUID pair. The gold
films, the MMC and the SQUID are thermally linked by gold
wires in a similar way as in the phonon sensor. Thus this
detector module is equiped with a heat detector and a light
detector, making it capable of measuring heat and light
simultaneously. This represents an interesting tool for particle
discrimination, in addition to the typical pulse shape techni-
que, as different types of particles produce different ratios of
light and heat.

Figure 1 shows different elements from the detector
module: a 40Ca100MoO4 scintillating crystal, a fully assem-
bled detector module, and the MMC and SQUID sensors from
a photon sensor.

The crystal is supported by a copper frame with teflon
elements specially designed to reduce the mechanical vibra-
tion. In addition, the whole copper structure for the detector is
made of NOSV copper (Aurubis, Germany) which, having a
low hydrogen content, allows to reduce the thermal fluctua-
tion by the ortho-para conversion effect of hydrogen. This
whole copper structure has been cleaned with a specific
method, after the machining process of the material, in order
to remove the surface contaminations.

This MMC-based low-temperature detector design has
been used in the pilot experiment of the advanced molybde-
num-based rare process experiment (AMoRE) project, named
AMoRE-Pilot, using a total of 12 MMC channels.

3. Experimental setup of AMoRE-Pilot

Searches for neutrinoless double beta decay (0nbb) are
challenging experiments aiming to establish the neutrino’s
nature (Dirac or Majorana) and absolute mass range [10–12].
AMoRE is an international collaboration searching for the
0nbb decay of 100Mo via low-temperature calorimetric
measurements using CaMoO4 scintillating crystals as both the
source of 0nbb decay and the target material [4, 13].

The simultaneous measurement of heat (phonon) and
light (photon) signals from CaMoO4 crystals using MMCs is
a promising technique in terms of energy resolution and
background rejection as it provides a high discrimination
power between α and β/γ particles [4, 14]. Since late 2015,
the AMoRE-Pilot experiment has been running with five
CaMoO4 crystals. The detector assembly has been installed in
a cryogen-free dilution refrigerator (CFDR) at the 700 m deep
YangYang underground laboratory [15], located in the
northeast of South Korea.

Figure 1. (a) A 40Ca100MoO4 scintillating crystal. (b) A fully assembled low-temperature detector module. (c) A sensor system composed of
gold absorbers, an MMC, a SQUID and gold wires.

2

Supercond. Sci. Technol. 30 (2017) 084011 C S Kang et al



Coordinating Panel for Advanced Detectors, Madison, Wisconsin December 8, 2019

Thermal Detectors

Coherent Elastic ν-Nucleus Scattering (NP/HEP)

▸ Low energy tests of weak 
interactions 

▸ New force carriers, neutrino 
magnetic moment, sterile 
neutrino, etc… 

▸ Non-proliferation applications 

▸ High interaction cross section, but 
very low recoil energy 

▸ Requires large target masses, low 
thresholds, and low backgrounds
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Requirement for Low Thresholds

• Signatures for new interactions is often amplified at low energies. 

• Calls for low threshold ~O(10 eV) detectors.

Leverage two technologies that are used by both the US and French groups. 

This amplifies the science reach (complementary detectors) and reduces the science risk.

What Kind of Detectors to Use?

Germanium  
Detectors 

(based on EDELWEISS technology)

Superconducting Metals 
(Zinc) 

(new R&D effort**)

**Not really.  Superconductors were also studied by Oxford, Milan and Genoa groups.

Ge detectors

Leverage two technologies that are used by both the US and French groups. 

This amplifies the science reach (complementary detectors) and reduces the science risk.

What Kind of Detectors to Use?

Germanium  
Detectors 

(based on EDELWEISS technology)

Superconducting Metals 
(Zinc) 

(new R&D effort**)

**Not really.  Superconductors were also studied by Oxford, Milan and Genoa groups.

Superconducting 
bolometers

Low background, 
Low threshold
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Thermal Detectors

Low Mass WIMP Dark Matter (HEP)

▸ Low mass dark matter 
▸ Asymmetric dark matter models 

▸ Running experiments like CDMS, Edelweiss, CRESST 
▸ Already employing TES based readouts, on a small 

number of channels  
▸ Small multiplexing factor  

▸ Lower thresholds may require smaller mass absorbers 
▸ May increase channel count for same mass 

▸ Additional techniques like Luke-Neganov 
amplification 
▸ Extremely promising for low thresholds, but adds 

a different set of challenges 
▸ May not be possible for exotic (superconducting) 

materials
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Ge absorber

CaWO4 absorber
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Development of Next Generation Readouts

Outline of the Basic Needs
▸ Larger distance: Signals need to travel distances of ~1m with very 

low loss (loss ↔ noise) 

▸ Low Radioactivity: All materials near to detectors must be ultra-low 
radioactivity 
▸ Materials above shields need to be low radioactivity, but 

requirements are less stringent 

▸ Multiplexing: Need to be capable of instrumenting 100~1000s of 
channels 
▸ Extremely challenging to wire each channel individually 
▸ Detector working points need to be individually set 

▸ Lower Temperatures: Operation at (bath) temperatures of 10~50 mK 

▸ Bandwidth: Signal bandwidths in the 100 kHz range 
▸ Next generation 0νββ detectors will need ~100 μs timing 

resolution 
▸ CEνNS and Low Mass WIMP detectors require the bandwidth to 

perform PSD between signal-like events vs background-like 
events

7

Figure 8. Detailed view of copper pads onto which the gold wires were bonded. The width of each copper
track is 0.2 mm with a pitch of 0.4 mm. The total width of the tape is 13.4 mm, with a 1.0-mm minimum
margin on each side.

to check the integrity of the electrical links. The parasitic conductance in vacuum was checked
using a custom-built apparatus, coupled with a commercial electrometer [44]. The di↵erential
layout pattern reduced the signal crosstalk to 0.024% and introduced a low parasitic capacitance of
26 pF/m and a parasitic impedance larger than 200 G⌦ [45].

4 Detector construction

CUORE-0 was the first detector tower built using the new techniques and assembly line developed
for CUORE. All activities were carried out in a dedicated class 1000 (ISO 6) cleanroom located in
the underground CUORE hut at LNGS. The cleanroom contained glovebox-enclosed systems for
assembling the towers in radioclean conditions under nitrogen atmosphere. The assembly proce-
dure used two separate workstations: one for gluing chips to crystals (see Figure 9, left), and one
for building and instrumenting the towers (see Figure 9, right).

4.1 Gluing of semiconductor chips to crystals

The gluing operations were performed in a workstation consisting of a single glove box in order
to keep the detector parts under constant nitrogen flux. Each TeO2 crystal was instrumented with
one thermistor and one heater using a matrix of glue dots to provide the mechanical and thermal
coupling. The TeO2 crystals, glue, and semiconductor chips have di↵erent thermal contraction
coe�cients thus the glue was distributed into dots rather than a continuous film to avoid detachment
of the chips or fracturing at the chip-crystal interface due to thermal stress during the cooldown. A
nine-dot matrix for thermistors and five-dot matrix for heaters were shown to provide high thermal
coupling and a low risk of temperature-induced stress fractures [21]. The glue used was Araldite
Rapid glue, a bicomponent epoxy produced by Huntsman Advanced Materials. This particular
epoxy was selected for its rapid curing time (⇠1 hour), low radioactivity (less than 2.2 ⇥ 10�10 g/g

– 12 –
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Development of Next Generation Readouts

Not Reinventing the Wheel on Multiplexing
▸ CDMS has been using TES readout sensors for small number of 

channels 

▸ CMB experiments have been using large arrays of multiplexed 
microbolometers 
▸ Current generation of detectors are instrumenting 

O(5,000) channels 
▸ Next generation (CMB-S4) instrumenting ~500,000 

channels 

▸ 163Ho-based direct neutrino mass experiments 
▸ Expandable detector made of an array of 1024-channel 

boards 
▸ NIST designed rf-SQUID multiplexing  

▸ Large arrays of onboard microcalorimeters 
▸ Micro-fabrication production 
▸ Detectors sizes ~10 cm 
▸ Typical temperatures of 100-300 mK 
▸ Detectors can typically be biased together
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Keck Array ~2500 channels

POLARBEAR: 3.5-meter  
 Telescope in Atacama 

Current camera: POLARBEAR 1 
 1300 detectors
150 GHz

POLARBEAR ~1300 channels

2. MODULE DESIGN

A large focal plane poses significant challenges for fabrication, assembly, and testing. To mitigate these issues,
portions of SPTpol were designed with a modular format. While the 90 GHz band of SPTpol is comprised of
180 polarization-sensitive pixels (360 detectors fabricated at Argonne National Labs) individually packaged with
corresponding light-coupling feedhorns,13 the 150 GHz portion of the focal plane is split into seven identical
modules, each containing 2.3 inch wide monolithic feedhorn and detector arrays fabricated at NIST in Boulder,
CO. Figure 1 shows a front-side view of the SPTpol focal plane where the 150 GHz modules and 90 GHz pixel
assemblies are clearly distinguishable. Modularity has several benefits. First, maintaining detector uniformity is
easier when fabricating across smaller wafers. Second, a modular design makes possible testing whole units of
the focal plane without requiring the full experiment apparatus. This greatly increases testing throughput and
accelerates feedback into the design process. Finally, the modular units are simple to install into and remove
from the SPTpol focal plane, which makes in-field modifications more tractable and timely. In the following
subsections we describe in detail distinguishing characteristics of the module components.

Figure 1. The SPTpol focal plane. Seven 84-pixel modules of 150 GHz detectors sit at the center of the camera, while 180
individually packaged 90 GHz pixels surround the modules, for a total of 768 polarization-sensitive pixels (1536 detectors).
The focal plane is ⇠ 225 mm in diameter.

2.1 Corrugated Silicon Platelet Feedhorn Array

When coupling free space to detectors, corrugated feedhorns exhibit several appealing characteristics, namely
high transmission e�ciency, low cross-polarization and sidelobes, highly symmetric beam shapes, and wide
bandwidths.14 Since measuring CMB polarization anisotropies requires tight control of systematics, many past
experiments with relatively few pixels used individual corrugated feedhorns.6,15–21 Modern experiments contain
many hundreds of tightly packed pixels, however, and the production of a corresponding monolithic feedhorn
array with standard electroforming techniques would be prohibitively di�cult and expensive. Instead, the SPTpol
150 GHz modules contain monolithic arrays of corrugated feedhorns built up from 33 silicon platelets, each
500 µm thick, which have been stacked and gold-plated. The arrays were developed and fabricated at NIST-
Boulder.22,23 In addition to the attractive properties that corrugated feedhorns exhibit, these silicon platelet
arrays are coe�cient of thermal expansion (CTE) matched to the detector arrays (also fabricated on silicon
wafers), have lower thermal mass compared to conventional aluminum feedhorns, and maintain high thermal
conductivity despite being silicon in bulk due to the gold-plating.

Each of the seven SPTpol feedhorn arrays are 2.3 inches wide and 16.5 mm tall, contain 84 single-moded
corrugated feedhorns with 4.26 mm apertures, and are optimized for a bandpass centered at 145 GHz. The
feedhorns taper o↵ to a section of 1.22 mm wide square waveguide, which is used to define the lower edge of the
bandpass, and ends with a single 1.6 mm diameter circular waveguide platelet. The left of Figure 2 is a picture

SPTpol 1600 Channels

2019 JINST 14 P10035

Figure 12. (Left) The copper holder containing the detectors. In the blue box the TES chip covered with
a silicon collimator centered on the sidecar absorbers. In the red box the new interface chip. In green the
µmux16a multiplexer chip. In yellow, a custom PCB board used to provide the ramp line, the bias line and
other free input lines. (Right) Copper holder facing the fluorescence source Pictures edited from [54]. The
copper holder was connectorized with two SMAs for the feedline and a Micro-D for the bias and ramp lines.

which ensures a reduced thermal load on the coldest stage. Before entering the detector holder,
the probe signal is further attenuated by 20 dB. The copper detector holder accommodated the
µmux16a multiplexer chip, the 6 ⇥ 4 TES chip and an interface (IF) chip (figure 12, left). This last
was used to provide a bias shunt resistances of Rshunt = 0.33 m⌦ in parallel with each TES and a
wirebond-selectable Nyquist inductor LN , in series to set the pulse rise-times (⌧r ' R0/LN ). In the
chip the Nyquist inductance options were realized by a N-turn spiral: 0-turn to add no inductance,
6-turn for ⇠50 nH of added inductance, 8-turn for ⇠64 nH of added inductance, and 10-turn for
⇠82 nH of added inductance.

After passing through the multiplexer chip the signal passed through a circulator, configured as
isolator to avoid any eventual reflection, and then reached the 4 K stage through a superconductive
Nb coax cable, which ensures lossless transmission. The signal was then amplified at 4 K by a very
low noise HEMT amplifier (Low Noise Factory LNC4_8A, temperature noise of TN = 2.5 K) and,
at room temperature, by a wideband amplifier (Mini-Circuits ZVA-183+).

As explained in section 6, to avoid resonances degradation the number of connected detectors
to the multiplexer chip was limited to 4. The selected TES were the numbers: 8, 9, 11 and 19 of
the dtest20b chip, that presented responses that matched the HOLMES requirements. Since the
developed readout system was able to acquire and demodulate only two channels simultaneously, the
TESs were acquired as one couple at a time. The connection between the TESs, IF and multiplexer
chips are reported in table 1.

A multi line fluorescence source faced to a window on the copper holder was used as calibration
source (figure 12, right). This was set up using two 55Fe emitters faced toward a target of Al, NaCl
and CaCO3 which emitted fluorescence K-↵ and K-� photons. The entrance window of the detector
box was covered with a 6 µm thick aluminum layer, to prevent the light and the Auger electrons
from entering in the box. The TES chip were covered with a silicon micro-machined collimator
centered on the sidecar absorbers, in order to avoid signals from radiation hitting the TES or the
membrane rather than the absorber.

– 20 –

HOLMES ~32000 channels (Goal)
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Figure 2. Basic elements of microwave SQUID multiplexed TES readout: (black) microwave multiplexer or
µmux, (green) flux-ramp demodulation line, (violet) rf-SQUID, (orange) TESs and theirs DC-bias line.

by a set of sinusoidal probe tones (frequency comb). A cryogenic High Electron-Mobility Transistor
(HEMT), placed at cryogenic temperatures (⇠ 4 K), amplifies the transmitted microwave signals at
the multiplexer output.

SQUIDs are interferometers with a periodic and therefore nonlinear response (i.e. figure 1,
right), which are traditionally linearized by a flux-locked loop. This approach is not compatible
with the microwave SQUID multiplexer since a flux-locked loop would require a separate feedback
wire for each SQUID, which is in contrast with the multiplexing purpose. An alternative way
is to implement a flux-ramp modulation scheme that modulates the signal from a rf-SQUID and
linearizes the response of all pixels using a single wire [44, 45]. In this scheme, a common flux
ramp is applied to all SQUIDs. The flux ramp is a sawtooth signal with a frequency of framp and
with an amplitude of an integer number n�0 of flux quanta, that induce a periodic oscillation in
the SQUID response. The detector signal is measured as a change in the phase of the periodic
SQUID response. If the slew-rate of the applied ramp exceeds that of any input signal, a variation
in the input signal looks like a flux o�set during the ramp period, which produces a phase shift in
the SQUID response respect to the free oscillation state, i.e. SQUID oscillation in absence of TES
signal, (figure 3, right). This phase shift within the ith-ramp period is given by

�i = 2⇡
�i

�0
(3.1)

where � is input flux variation due to the TES. This is a linear function of the detector signal and
can be tracked through many flux quanta.

Considering a purely sinusoidal SQUID response ✓(t) = cos (!ct), where !c = 2⇡ n�0 framp is
the angular frequency for the SQUID free oscillations (�i = 0), a flux variation �i produced by
any changes in the input signal within the ramp period can be written as ✓(t, �i) = cos (!ct + �i).

– 6 –



CUPID
TES READOUT R&D 
FOR



Coordinating Panel for Advanced Detectors, Madison, Wisconsin December 8, 2019

Development of Next Generation Readouts

▸ UC Berkeley with Argonne collaborating to develop bilayer 
TES sensors with low Tcs 
▸ Tested in a cryogenic facility at UCB 

▸ Ir/Pt bilayers and Au/Ir/Au trilayers showing promise 
✓ Demonstrating transitions as low as ~20 mK 
▸ Ability to tune the precise transition temperature by 

adjusting layer thickness 
▸ Transitions stable over time and consistent across a single 

wafer 

▸ Other TES parameters like R0, α, β can be tuned by adjusting 
other production parameters (like heating, cooling times, 
patterning etc) 
✘ α values estimated to be of O(100), β ~ 1. But this is not 

precisely measured yet 
✘ Need to determine optimal TES patterning 

✘ Production (nearly) robust and repeatable
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Courtesy of B. Welliver (Berkeley/LBNL)

Current biased 
Resistance bridge readout

Voltage biased 
SQUID readout

Development of Low Temperature TES Sensors
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Development of Next Generation Readouts

Already Deploying these Low Temperature TES Sensors

▸ Already operating a Ge wafer instrumented with a TES 
sensor as a light detector 

▸ Currently operating at 32 mK 

▸ Able to observe injected pulses  

▸ Decay times: ~4 ms 

▸ Rise times: ~200 us 

▸ Still need to optimize the electrothermal circuit and 
working point 

▸ Demonstrated ability to identify pulser pulses 
separated by 70 us 

▸ Pileup rejection for 0νββ experiments 

▸ Maybe useful for PSD for particle ID

11

Pt Heater

Patterned TES

Nb leads

Gold Pads

Al2O3 weak link

Courtesy of B. Welliver (Berkeley/LBNL)
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Development of Next Generation Readouts

dc Multiplexing Readout
▸ Investigating dc SQUID based multiplexing with frequency 

comb 

▸ Can achieve multiplexing factor O(10) 
▸ Set by the bandwidth of the dc-SQUID (feedback circuit)  

▸ Injecting frequency bias comb with a set of LC resonators to 
address each TES individually 
▸ Each bias frequency can have its power individually set 
✘ Setting the width of the resonators 

✘ Signals need to travel the ~meter distance between the TES 
and SQUID on carrier frequency of ~MHz 
▸ Low background wiring needs to have ~10 MHz bandwidth 

✘ Magnetic flux & capacitive noise 

▸ Being developed at Berkeley as part of CUPID 

▸ No results yet, electronics are built, testing to begin soon
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Frequency-Domain SQUID Multiplexing of
Transition-Edge Sensors

T. M. Lanting, Hsiao-Mei Cho, John Clarke, Matt A. Dobbs, W. L. Holzapfel, Adrian T. Lee, M. Lueker,
P. L. Richards, A. D. Smith, and Helmuth G. Spieler

Abstract—We describe our frequency-domain readout multi-
plexer for transition-edge sensor (TES) bolometers and present
measurements of an eight-channel multiplexer. Each sensor is
biased with a sinusoidal bias at a distinct frequency. As the sensor
absorbs power, it amplitude-modulates its sinusoidal bias. Sensor
currents are summed and measured with a single superconducting
quantum interference device (SQUID) array. The SQUID array
consists of 100 dc-SQUID’s in series and is operated with shunt
feedback electronics which have a slew rate of . A
tuned filter consisting of an inductor and capacitor are placed in
series with each sensor to both limit the bandwidth of the Nyquist
noise from each sensor and to allow us to bias all multiplexed
sensors with a common wire. We place an upper limit on crosstalk
between adjacent channels of 0.004, well below our design require-
ments. Demodulated noise spectra from multiplexed sensors show
the expected white noise levels at frequencies above 200 mHz.

Index Terms—Bolometer, multiplexer, SQUID, transition-edge.

I. INTRODUCTION

THE sensitivity of individual millimeter-wave bolometers
is starting to approach fundamental limits. A new genera-

tion of cosmic microwave background (CMB) experiments will
achieve higher sensitivities by using large arrays of hundreds
to thousands of sensors. The development of voltage-biased
transition-edge sensor bolometers provides a means of manu-
facturing large arrays of sensors with similar properties using
photolithographic techniques [1], [2]. Readout of large arrays
of sensors is a major challenge: transition-edge sensors usually
operate at temperatures below 1 K and individually reading
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Fig. 1. Circuit schematic for eight-channel frequency-domain readout
multiplexer. Each sensor (channels one through six and channel eight) and a
calibration resistor (channel 7) are connected in series with a tuned filter. The
currents from all eight channels are summed and measured with a SQUID. The
SQUID is in fact a 100-element array manufactured at NIST.

out each sensor would convey too much heat along the readout
wires. In addition, the cost of individual cold readout com-
ponents makes instrumenting large arrays unpractical. Cold
multiplexing of the sensor signals in the time-domain [3],
[4] has been demonstrated, as well as demonstrations of fre-
quency-domain multiplexing of a pair of sensors [5], [6]. This
paper presents a demonstration of frequency-domain readout
multiplexing of eight channels.

II. DESCRIPTION OF SYSTEM

Seven of the eight channels (channels one through six and
channel eight) contain a transition-edge sensor bolometer (all
sensors have a similar cut-off frequency, ). Bias frequencies
range from 345.5 to 744.5 kHz. Channel seven contains a cal-
ibration resistor, or “mock” bolometer, biased at 705 kHz and
used to calibrate voltage bias levels. Each channel is biased with
a sinusoidal voltage at a distinct frequency, separating sensor
signals in frequency. When a sensor absorbs power, its resis-
tance changes and its sinusoidal bias is amplitude-modulated.
The sensor signal is carried in sidebands up to above and
below the carrier frequency. The currents from all eight chan-
nels are summed and measured with a single SQUID array as
shown in Fig. 1.

Our sensors consist of a proximity effect bilayer of aluminum
and titanium. Each sensor has a normal resistance close to 1
and a transition temperature close to 450 mK.

A tuned filter consisting of an inductor and a capacitor
is placed in series with each sensor and the calibration resistor.
The tuned filter limits the bandwidth of the broadband Nyquist
noise from each resistive sensor and the calibration resistor. In

1051-8223/$20.00 © 2005 IEEE

IEEE Trans. Appl. Supercond. 15 (2) 2005
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Development of Next Generation Readouts

rf Multiplexing Readout
▸ Multiplexing based on rf SQUIDs 

▸ Similar to HOLMES design 

▸ Multiplexing factors up to 100~1000s 
▸ Carrier frequencies in the ~GHz range 

✘ Cannot use common TES bias line 
▸ Need one bias line per TES 

✘ Signals need to travel the ~meter distance between the TES and 
SQUID un-mixed 
▸ Low background wiring only needs to have ~100 kHz 

bandwidth 

✘ Magnetic flux & microphonics noise? 

▸ TWPA final amplification stage  
▸ Can achiever higher gain with SQL limited noise floor 

▸ Being developed at MIT as a collaboration between 
CUPID+Ricochet groups 
▸ Working with Lincoln Labs to design cold electronics 
▸ Testing NIST & SLAC designed warm readout electronics 

▸ No results yet, electronics are still being built
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Appl. Phys. Lett 111 (24) 2017FIG. 1. 
Conceptual schematic of a three-channel microwave SQUID multiplexer (µmux) for the 
readout of transition-edge-sensor (TES) bolometers. One multiplexer unit, which in principle 
reads out >1000 sensors, requires a pair of coaxial cables and two pairs of DC lines, which 
are used for detector bias and flux-ramp modulation.

Dober et al. Page 8
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Leverage two technologies that are used by both the US and French groups. 

This amplifies the science reach (complementary detectors) and reduces the science risk.

What Kind of Detectors to Use?

Germanium  
Detectors 

(based on EDELWEISS technology)

Superconducting Metals 
(Zinc) 

(new R&D effort**)

**Not really.  Superconductors were also studied by Oxford, Milan and Genoa groups.

Conclusions

Conclusions

1. Macrocalorimeters are a very versatile detector 
technology with a wide array of HEP and 
nuclear physics applications  

2. Next generation detectors need to balance  
‣ Very low noise readouts 
‣ Low background materials 
‣ Scalability to large numbers of channels and 

physically large detectors 

3. Potential application of QIS low-noise 
superconducting sensors to multiplex 
macrobolometer detectors 

‣ But technological challenges still exist 

14
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Thank you for your attention!
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Possible Applications

Applications for Quantum Computing?

▸ DOES NP/QIS Grant to answer the question: Does 
natural radioactivity decrease the coherence time of 
qubits? 

▸ Solution: low radioactivity quantum computers & 
sensors  

▸ Well developed shielding techniques from DM and 
0νββ experiments 

▸ Low radioactivity materials and manufacturing 
known and well developed 

▸ Need low radioactivity manufacturing techniques for 
superconducting circuits 

▸ Probably this is wiring and readouts materials 
rather than the qubit fabrication itself

16
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Early FY 2018 NP QIS/QC Awards
Lead 
Insititution PI Title Description
University of 
Washington

Martin 
Savage

Nuclear Physics Pre-Pilot Program 
in Quantum Computing

to support pre-pilot research activities that will begin to bring 
Quantum Computing (QC) and Quantum Information Science (QIS) 
expertise into the nuclear theory community, including starting to 
address scientific applications of importance for nuclear physics 
research. This pre-pilot proposal will organize the nuclear theory 
community at the national level in order to address Grand 
Challenge problems in nuclear physics through the use of QC and 
QIS.

MIT Joseph 
Formaggio

Investigating Natural Radioactivity 
in Superconducting Qubits

to measure the impact of background radioactivity on qubit 
coherence times. MIT will be responsible for simulation of 
radiation transport models and development of calibration sources 
to be deployed in various qubit measurements. MIT will also 
coordinate this effort with Prof. William Oliver (MIT and Lincoln 
Labs). PNNL will be responsible for radioassay of materials using 
their calibrated measurement stations.

ANL Ian Cloet Quantum Simulators for Nuclear 
Physics: Theory

to support a postdoctoral fellow to work on the proposal for 
Quantum Simulations for Nuclear Physics. This pilot effort will 
begin to develop the expertise and knowledge that builds toward a 
QCD simulations on Quantum Computers and Analog Quantum 
Simulators.

ANL Valentine 
Novosad

Superconducting Quantum 
Detectors for Nuclear Physics and 
QIS

to work on the proposal for Superconducting Quantum Detectors 
for Nuclear Physics and QIS.

LLNL Stephan 
Frederich

Thorium 229mTh to study of the feasibility of suppressing the internal conversion 
transition of 229mTh by implanting it in high band gap materials 
such as MgF2

FY 2018 Awards Made Through Annual Solicitation

RHIC User Meeting June 6, 2019
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Thermal Detectors

Broad Range of Physics Applications

17

Requirement for Low Thresholds

• Signatures for new interactions is often amplified at low energies. 

• Calls for low threshold ~O(10 eV) detectors.

Leverage two technologies that are used by both the US and French groups. 

This amplifies the science reach (complementary detectors) and reduces the science risk.

What Kind of Detectors to Use?

Germanium  
Detectors 

(based on EDELWEISS technology)

Superconducting Metals 
(Zinc) 

(new R&D effort**)

**Not really.  Superconductors were also studied by Oxford, Milan and Genoa groups.

Leverage two technologies that are used by both the US and French groups. 

This amplifies the science reach (complementary detectors) and reduces the science risk.

What Kind of Detectors to Use?

Germanium  
Detectors 

(based on EDELWEISS technology)

Superconducting Metals 
(Zinc) 

(new R&D effort**)

**Not really.  Superconductors were also studied by Oxford, Milan and Genoa groups.

0νββ CEνNS WIMPs

Nuclear Physics HEP


