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The CUPID Experiment

CUPID (CUORE Upgrade with Particle ID) is a next-generation
bolometric experiment that will search for lepton number violation via
0νββ decay of 100Mo. To do this, it will operate O(1000) Li2MoO4

(LMO) crystals at a temperature of ∼ 10 mK, searching for the decay’s
energy signature through the temperature change it induces in the
crystals. CUPID will build upon CUORE’s cryogenic infrastructure and
aim to explore the entire inverted neutrino mass hierarchy by using active
background suppression techniques.
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Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a
scintillating crystal follows two channels: light production and thermal excitation.

A scintillating bolometer functions by operating a scintillating crystal as a281

cryogenic bolometer (as described above) and coupling it to a light detector, as282

shown in Fig. 3. As it is for other large mass bolometers, the device works only283

at extremely low temperatures (⇠10 mK).284

When a particle traverses the scintillating crystal and interacts with the285

lattice, a large fraction of the energy is transferred into the crystal as heat,286

raising the internal energy, thus inducing the already mentioned temperature287

rise. A small fraction of the deposited energy produces scintillation light that288

propagates as photons outside the crystal. These are then detected by a separate289

light detector facing the crystal. The light detectors used so far for scintillating290

bolometers are bolometers themselves and consist of germanium wafers, kept291

at the same temperature as the main bolometer. Scintillation photons deposit292

heat into the wafer and induce a temperature rise, which is then measured by293

a second thermistor.294

The signals registered by the two thermistors are conventionally named heat295

(the one generated in the main bolometer) and light (the one induced in the296

light detector). Although they have the same nature (temperature rises), they297

originate by di↵erent processes.298

An interesting feature of scintillating bolometers is that the ratio between the299

light and heat signals depends on the particle mass and charge. Indeed, while300

the thermal response of a bolometer has only a slight dependence on the particle301
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Figure 1: Schematic of bolometers set up to detect both heat and light

The Bolometric Detector Principle
The LMO crystals serve as both the source of double-beta decay events
and as the bolometric detectors. Decay events in the crystals have their
energy absorbed and converted into a notable change in temperature, due
to the small specific heats of the crystals when operated near 10 mK.
This temperature change is read out by either a Neutron Transmutation
doped Germanium thermistor (NTD) or a Transition Edge Sensor (TES)
attached to the crystal.

Goals for CUPID:

⇒ Particle ID: α events are the dominant background in the region of
interest for CUPID’s 0νββ search. The addition of light detectors
near the bolometers can allow active discrimination against α
backgrounds by checking for Cherenkov and/or scintillation light in
coincidence with the thermal signal

⇒ Greater Mass: Isotope enrichment and the addition of even more
crystals to take full advantage of the cryostat’s capabilities

⇒ Energy Resolution: CUORE has been able to achieve < 0.3%
FWHM energy resolution at Qββ. CUPID will aim to maintain or
improve this quality of energy resolution even as it adds more
detectors and more components.

CUPID Electronics

Opportunities for CUPID Electronics
CUORE front-end electronics are currently all located at room
temperature outside the cryostat1

Signals from the NTDs on each bolometer are sent up to room temperature
electronics for amplification and processing
Moving electronics closer to the detectors requires operating them at lower
temperatures

CUPID will introduce 1000+ light detectors that also require readout

The upgrade to CUPID will present an opportunity to upgrade the
electronics infrastructure

Cryogenic CMOS

CMOS microelectronics operated at cryogenic temperatures have
shown promise as precision controllers and low-noise amplifiers
Cryogenic CMOS-based preamplifiers could offer a number of
advantages for CUPID:
⇒ Reduce electronic noise by being near the detectors
⇒ Ability to do time-domain multiplexing
⇒ Cost-effective and easily scalable to the thousands of detectors in CUPID

Challenges: need to minimize power dissipation to not impose
significant additional heat load on the cryostat

Needs to be very reliable, since cryogenic electronics cannot be
maintained while the cryostat is in operation

1C. Arnaboldi et al 2018 JINST 13 P02026
Figure 2: Schematic of how measurements are done with a dilution refrigerator

Cryogenic CMOS Characterization

CMOS Operation at Cryogenic Temperatures

Tests done with a TSMC 180 nm CMOS chip containing a wide range of
PMOS and NMOS of different sizes and threshold voltages

Measurements taken with chip placed at the mixing chamber stage of a
Oxford Triton-400 dilution refrigerator, kept at a base temperature of 100 mK

All MOSFETs remained operational down to 100 mK, and we were able to
extract the temperature dependence of a number of their properties2

Results show promise for design of an amplifier that can be operated at the
100 mK stage of a dilution refrigerator

Simulation of Cryogenic Behavior

Standard BSIM3 models are not designed to work at cryogenic temperatures,
but can be phenomenologically tuned to try to replicate cryogenic behavior

Shown in Fig. 4, a simple procedure of tuning the model parameters to one
device does not accurately predict the behavior of different sized devices at
the same temperature

Future work: further tuning of models to 100 mK behavior with
measurements of a wider array of device sizes
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Figure 3: Id − Vg curves of a 0.5µm/10µm NMOS at 100 mK, evaluated at Vd = 0.02
V.
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Figure 4: In solid lines: simulated Id − Vd curves from a tuned BSIM3 model. In points: measured behavior at 100 mK. The model is tuned to the device on the left and applied for
comparison to the one on the right. It can be seen that the model does not accurately predict changes in behavior as a function of device size.

0 50 100 150 200 250 300
Temperature (K)

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65 (
V

)
th

 V

Threshold Voltage vs Temperature

m NMOSµm/10µ0.5

m PMOSµm/0.25µ10

Threshold Voltage vs Temperature

Figure 5: Extracted threshold voltages as a function of temperature, obtained by
extrapolating from the linear region of the Id − Vg curve to find the 0-intercept. There
is no apparent deviation from the expected linear dependence on temperature.
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Figure 6: Extracted max transconductances in both the linear and saturation regions,
excluding the transition region. The behavior deviates from a general gm ∝ T−3/2
relationship at lower temperatures.

Hysteresis Effects in the Cryogenic Regime

At low temperatures, some MOSFETs demonstrate a hysteresis effect in
Id vs Vd, shown below, that only manifests itself when the scan goes
from low to high Vd
The effect is stronger in larger sized devices and seems stronger in NMOS
than PMOS. The effect appears at temperatures below around 40 K

The temperature dependence of the effect and the fact that it only
appears when scanning Vd upwards suggests it is due to a forced
depletion zone formation when charge carrier freeze-out has occurred
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Figure 7: Id − Vd scans for 10µm/1.2µm NMOS device showing a
temperature-dependent hysteresis effect. Top: scans at 100 mK showing the effect only
appears for increasing Vd. Bottom: scans of the same device at 40 K, not exhibiting
the same effect.
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