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Advantages of phonon readout: 
- Direct measurement of nuclear recoil 

energy; no quenching factors involved  

- ~100% of the recoil energy is sensed, 
allowing for low thresholds 

- Good energy resolution near threshold 
(~eV (RMS) for ~ 10 g detectors), 
 

Phonon Readout 
- Thermal measurement (EDELWEISS) 
- Athermal measurement (SuperCDMS/

CRESST)
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Detector Response

�T =
E

Ctot

Time

Te
m
pe

ra
tu
re

𝛿T ⌧ =
Ctot

G

Thermal bath ~10-100mK 

𝛿T 𝒪 (100)uK  

𝜏, relaxation time 𝒪 (1-100)ms

G: thermal conductance 
Ctot: total heat capacity
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Thermodynamic Noise

Noise comes from irreducible random thermodynamic 
fluctuations in energy due to transport across the thermal 
link. 
Ultimate energy sensitivity is determined by how well you 
can measure 𝛿T against thermodynamic fluctuations

N = CT/KBT

�N =
p
N

number of excitations with mean energy KBT 

random statistical fluctuation

�Etf =
p
CKBT 2

preferred: 
low temperatures 
low heat capacity
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Signal-to-Noise-Ratio

signal to noise ratio 
independent of frequency 

signal 
noise
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Signal-to-Noise-Ratio

In reality, additional noise and some more 
time constants 

•Preamplifier noise: white noise, 1/f 
noise.. 

• Johnson noise 
•discret noise sources: vibrations, 
electrical, interference 

•excess noise: additional unexplained 
noise 

-> signal to noise ratio dependent of 
frequency 
-> finite energy resolution 𝛥EFWHM 

signal 
noise
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How to Measure 
the Temperature 

Increase? 



EQUILIBRIUM DETECTORS 

- Semiconductor Thermistor 
(NTD) 

- Transition Edge Sensors (TES) 
- Metallic Magnetic 

Calorimeters (MMC)

Phonon Detectors
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NON-EQUILIBRIUM 
DETECTORS 

- SuperconductingTunnel 
Junctions (STJ) 

- Microwave Kinetic Inductance 
Detectors MKID

Non-equilibrium detectors have an 
energy gap which is much larger 
than kT and allows long-lived 
excitations which we count.

Equilibrium detectors are weakly 
coupled to thermal bath so thermal 
equilibrium is reached
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Semiconductor Thermistor
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HIGH IMPEDANCE DEVICE (1-10M𝜴): 
• resistance changes vs. temperature 
• current bias and read voltage 
• use a FET (Field-Effect Transistor)



Silicon  
• ion implantation of P, B in Si 
• anneal 
• attach absorber (e.g. HgTe) 

Silicon Thermistor
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HgTe absorber 
0.4 x 0.4 mm2 

Energy resolution at 5.9 keV is 3.43 eV



Germanium NTD
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Germanium (NTD) 
• expose Ge wafer to high 

neutron flux  
• … wait …  
• anneal 
• cut 



Text

Application: X-ray Astronomy
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6 x 6 array of 0.4 x 0.4 mm2  
Thermistor with HgTe absorber  
energy resolution: ≈ 4.2 eV 
energy range: 0.3 – 12 keV

Hitomi Focal Plane Detector: SXS



CUORE at LNGS

Application: Rare Search Event 
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Primary physics goal is the search for 
0νββ decay of 130Te 
• Array of 988 TeO2 bolometers 
• Energy resolution goal of 5 keV FWHM 
at Qββ of 2527 keV

EDELWEISS at LSM

Primary physics goal is the search for 
Dark Matter with HPGe detectors 
(ionization and phonon measurements)



Ultra low-level chemistry  
Space science (e.g. micro meteorites, Mars samples, cosmic 
activation products, comet tail samples)  
Atmospheric samples (very short lived isotopes, radionuclide 
composition, stratospheric samples)  
Ocean samples (e.g. deep ocean water - 60Fe)  

In general application of low background techniques to 
interdisciplinary fields:  

- Low-level environmental radioactivity measurement 
and monitoring 

- Radiodating (extension of determined ages towards the past)  
- Geophysics (palaeoseismology, palaeogeology, sedimentation) 

Application: Gamma Spectroscopy
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W – TES 

Tc ~ 15mK

Ir/Au – TES 

Tc ~ 70mK

Mo/Cu – TES 

Tc ~ 100mK

TES - Superconducting thin films



TES - Superconducting thin films
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Johnson noise 

Including both Johnson and the 
thermodynamic fluctuations 
noise: 

-> small TC and low C

W-TES
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IJ ⇠
r

4kBTC

R

EFWHM ⇠ 2.355

r
4kBT 2

C
C

↵



TES-SQUID circuit
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SQUID = Superconducting Quantum 
Interference Device based on the 
Josephson effect: if two pieces of 
superconductor separated by a thin layer 
of insulator a supercurrent can 
flow between them. 

SQUIDs are the equivalents of transistors 
for superconducting electronics 

A change in TES current manifests as a 
change in the input flux to the SQUID, 
whose output is further amplified and read 
by room-temperature electronics.

https://en.wikipedia.org/wiki/Flux


MMC
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main difference to resistive calorimeters: 
no dissipation in the sensor itself 
no galvanic contact to the sensor

paramagnetic sensor: Au:Er, Ag:Er, …

signal size

- magnetization varies with 
temperature 
- change in magnetization can 
be measured with a SQUID



Text
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Application to 

Direct Dark Matter  

Search Experiments 
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Direct DM Search - State of Art
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High DM mass

Low DM mass

Detection of the energy deposited due to scattering off target



SuperCDMS
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Text

Detectors
CDMS II (Ge+Si) 

• 4.6 kg Ge (19 x 240 g) 

• 1.2 kg Si (11 x 106g) 

• 35% NR acceptance 

SuperCDMS Soudan 
• 9.0 kg Ge (15 x 600 g) 
• Increased acceptance 
• Improved surface event 

discrimination 
• Demonstrated HV performances 

with CDMSlite detectors
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SuperCDMS  SNOLAB 

● Four towers of mixed Ge and Si, iZIP 
and HV detectors  

● iZIP: detectors with full 
background rejection 
capabilities  

●HV: detectors with lowered 
energy thresholds  

Ge iZIP



Figure 20: Phonon sensor layout for SNOLAB HV and iZIP detectors. (Left) There are six phonon
sensors per face with Channel A forming a single outermost ring. (Upper Right) Detail within a
phonon sensor for uniform array used for HV, and (Lower Right) showing iZIP with two 2 µm wide
W TES (purple), and Al phonon collection fins (blue). The large purple square is a wire-bonding
pad.

4.6.4 Fabrication facilities1325

Two fabrication facilities are available to the SuperCDMS SNOLAB project. The Stanford site1326

includes a dedicated clean room for the thin-film depositions in a sputtering machine dedicated1327

to the project, custom-designed by AJA International. The photolithography steps are performed1328

nearby in the Stanford Nanofabrication Facility (SNF). We are also the sole users of two other tools1329

that have been customized for our large substrates: a photolithographic contact mask aligner tool1330

(EV Group) and a photoresist spinner (Laurell). The other tools used at Stanford for SuperCDMS1331

manufacturing were modified or custom-specified by our collaboration several years ago, but we1332

share them with other SNF users. Of all these tools, the only recent addition is the sputtering1333

machine: all the others have been in use for years and the processes are well debugged.1334

The Texas A&M site has several clean rooms dedicated to the fabrication of large SuperCDMS-1335

style detectors. All equipment is under the exclusive control of SuperCDMS Collaboration members.1336

The thin-film depositions are performed in a sputtering system manufactured by SEGI. The chamber1337

can accommodate eight 100 mm substrates, but we plan to do depositions on only four substrates1338

at a time to even out the load on the photolithography steps. The photolithographic contact mask1339

aligner tool is a modified version of a commercial product from OAI. Other equipment was also1340

modified for this thick substrate work several years ago, with several 76 mm and 100 mm iZIP1341

detectors fabricated and tested by the SuperCDMS Collaboration.1342

45

SuperCDMS Detectors 
Technique: Heat+Ionization
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- Ultra-pure ~kg Ge and Si crystals operated 
at 10’s of mK 

- Measure athermal phonon signal via 
transition edge sensor 

- Multiple channels give position information 
- Outer “guard” rings fiducialize high radius 

events 

- Surface/Bulk event discrimination via 
charge face symmetry



γ : 133Ba 
calibration

n: 252Cf 
calibration 
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Electron recoils have a higher ionization yield than nuclear recoils

Y = Ei/Ep

iZIP Technology  
Background Discrimination



γ : 133Ba 
calibration

n: 252Cf 
calibration 
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133Ba 
surface events

Electron recoils have a higher ionization yield than nuclear recoils
Surface events have a reduced ionization yield and can mimic nuclear recoils

Y = Ei/Ep

iZIP Technology  
Background Discrimination



Text
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e-

h+

Prompt phonons

Luke phonons

Luke phonons

Drifting charges produce large phonon 
signal proportional to ionization 

(Neganov-Luke Effect)  Heat signal boosted by Neganov-Luke effect  
(~Joule heating, factor [1+V/3] for Ge,  

factor [1+V/3.8] for Si)

∆V

EP =ER + nehe�V

Note that only EP can be amplified, but 
not neh 

Particle identification & fiducialisation 
compromised 

ER reconstruction requires assumptions 
on Yield  

HV Technology  
Low  Energy Threshold



Detectors Advantages
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iZIP Detector 
(10 Ge, 2 Si) 

heat+ionization

ER/NR discrimination 
Full fiducialisation 
MDM >5GeV/c2

HV Detector 
(8 Ge, 4 Si) 

heat+ionization

Radial fiducialisation 
Lower thresholds  
(75 eVee and 56 eVee) 
MDM <5GeV/c2



Prototype HVeV Detector
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Appl. Phys. Lett. 112, 043501

Single e/h-pair sensitivity has been recently 
demonstrated in 0.93 g Si crystal 
Sensitivity to a variety of sub-GeV DM models 
with g*d exposures

Vbias ~150V 
Strong NTL amplification of e-h+ pairs. 
Detector operated on surface at Stanford

Si crystal/ 
phonon sensors

Crystal holder

Dilution refrigerator  
sample stage (3mK)

Bias voltage line

Fiber optic



CRESST



CRESST @ LNGS
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Experimental Setup

 36



CRESST Detector  
Technique: Heat+Scintillation

 37

Scintillating CaWO4 crystals as target

Target crystals operated as 
cryogenic calorimeters (~15mK) 

Collect both phonon and 
scintillating signals. 

- Tungsten TES reads out phonon signal 
- Light absorber (Si on sapphire)  

collects scintillation signal.
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The scintillation light is 
particle dependent 
 
Discrimination between 
- Electron recoils 
(radioactive background) 
- Nuclear recoils 
(potential DM signal) 

Particle Identification  
Technique: Heat+Scintillation
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- Cuboid crystal (20 mm x 20 mm x 10 
mm) ~ 24 g 
- Goal: detection threshold of 𝟏𝟎𝟎 𝐞𝐕 

- Self-grown crystal with low total 
background of ~3 dru [1-40 keV] 
- Veto against surface related 
background: fully scintillating 
housing and instrumented sticks 
(“iSticks”)

CRESST Detector  
Technique: Heat+Scintillation
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DetectorA

Data taking period: 10/16 –01/18 
Target crystal mass: 24g 
Gross exposure: 5.7 kg days 
Nuclear recoil threshold: 30.1 eV

One order of magnitude 
improvement at 0.5 GeV/c2

Extended reach from
0.5GeV/c2  → 0.16GeV/c2

Results - Detector A  
Technique: Heat+Scintillation

F. Reindl @IDM2018



Detector layout optimized for VERY low 
threshold, further reduction of dimensions: 
- Cuboid Al2O3 crystals (5 x 5 x 5) mm3 ~ 0.49 g 

with no light detector (no particle 
identification) 

- Dedicated to CENNS science at nuclear 
reactors: NuCleus  

- Achieved a 19.6 eV energy threshold 
- Above ground operation from MPI in Munich 

with no passive / active shielding  
- Non-blind analysis with no event selection cut, 

only stability cuts (62 % efficiency)
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1e6 DRU

1.4e5 DRU 
> 7 keV

6.
49

 k
eV

5.
89

 k
eV

CRESST Detector  
Technique: Heat Only

R. Strauss et al., EPJC 2017



Leading limit 
from 500 MeV 
to 140 MeV 

Above ground 
operation 
« OK »: CENNS 
at reactors 
(NuCleus)

 42

EDELWEISS 
CDMSLite 
CRESST-II Phase 2 
XENON-LT 
PANDA-X 
LUX 
DAMIC

CRESST Detector  
Technique: Heat Only

CRESST Coll., EPJC (2017)



EDELWEISS III



Detector Specs
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Width: 7 cm 
H

ei
gh

t: 
4 

cm
 

e- 

NTD 

NTD 

h+ 

10 

e- h+ 

- Fully InterDigitized (FID) 
technology. 

- Ge crystal target: ~870 g each 
- Two Ge NTDs heat sensor per 

detector 
- Electrodes: concentric Al rings 

(2 mm  
spacing) covering all faces 

- XeF2 surface treatment to 
ensure low 
leakage current (<1 fA) 
between 
adjacent electrodes
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The EDELWEISS III Experiment

Physics Colloquium 46



EDELWEISS Results
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Robust design, good 
reproducibility of 
performances 

Improved ionization 
resolution & thresholds lead 
to x40 improvement of WIMP 
sensitivity at ~5-10 GeV wrt 
EDELWEISS-II. 

[JINST 12 (2017) no.08, P08010]

133Ba γ 
AmBe neutron

[JCAP05 (2016) 019] [EPJC 76 (2016) 548] 



R&D with 32 g combined with the objective 
of testing the above-ground sensitivity to 
sub-GeV WIMPs 

Kept at 17 mK in IPNL low-vibration dilution 
fridge [arXiv:1803.03463] 
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EDELWEISS-Surf 
Technique: Heat Only
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" 17 mK - 1 nA —> 3.4 MOhm!
" SAMBA/EDELWEISS readout (d2 = 250 and d3 = 450, marge = 30)!
" Beautiful similarity between OF prediction and observation !

OF theory 
Observed : 17.7 eV (RMS) average

s = 34 eV
@ 6 keV



Best above-ground limit 
down to 600 MeV/c2  

First sub-GeV limit with   
Ge, down to 500 MeV/c2

 
Opens the way for the    
0.1 – 1 GeV/c2 range

EDELWEISS-Surf 
Technique: Heat Only
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Conclusion 

Original science motivations for cryogenic detectors were neutrinos and 
dark matter, but great success in many other areas continuing to the 
present day. 

Many recent advances in single sensor performance and more 
importantly in large array performance. 

Continued improvements in our fundamental understanding of these 
devices


