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Preamble about the energy resolution of our large mass detectors 1

2

2012 JINST 7 P01020

I am a 2.13 Kg 
TeO2 crystal

Debye T:
Si 640 K
Ge 370 K
TeO2 232 K

Large mass detectors are not conventional and it is useful to 
consider a normalization of their performance in term of 
more conventional detectors 
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So that a Ge held at the same temperature and noise level 
will get a resolution:
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Preamble about the energy resolution of our large mass detectors 2
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The CUORE detector

We are 750 g TeO2 crystals

http://inspirehep.net/record/1763941/
PHYSICAL REVIEW LETTERS 120, 132501 (2018)

In CUORE the average resolution of the baseline is 
about 2.5 keVFWHM (while at about 3 MeV it worsens 
to about 8 keVFWHM).
Than, again in term of a Ge crystal equivalent:

∆EFWHM_TeO2
=2.5 keVFWHM

15 eVFWHM

30 eVFWHM

Again the performances in term of a Ge equivalent are 
comparable.

PhysRevD.99.082003: 33g Ge 41 eVFWHM

http://inspirehep.net/record/1763941/
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Reading approaches: general
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Limiting the sensor to thermistors, that allow to cover an extensive range of energies, the possible readout 
solution can be several:

 Cold front-end with DC bias;

 Cold front-end with AC bias;

 Room temperature operated front-end with DC bias;

 Room temperature operated front-end with AC bias.
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Cold front-end, FE, DC bias
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Classical cold FE is done with a source 
follower Si JFET, a JFET working in unity 
gain configuration (now also with special 
HEMT developed at CNRS/C2N).

This first application was with               
micro-bolometers.

Room T

Proc. SPIE 3765, EUV, X-Ray, and Gamma-Ray Instrumentation 
for Astronomy X, (22 October 1999); doi: 10.1117/12.366556
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Prototype cold FE for CUORE 1
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This is a ten channels board, each channel in differential 
configuration. This layout is still operating in hall C. 

(thermal setup from Stefano Pirro)Differential JFET Load Resistors

Based on our experience we studied a solution for CUORE 
able to work at the 4.2 K stage (where the power dissipation 
limited to less than 100 mW)...

NIMA, 559,  828, 2006

FRIDGE

+

-
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Prototype cold FE for CUORE 2
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Optimizing power dissipation we found a compromise with 
noise at about 5 µW/ch, or 15 mW for the readout of 3000 
chs.

IEEE TNS, 51, 2975, 2004
NIMA, 517, 313, 2004

Considering the power budget of about 0.1 W at 4.2 
K there is margin to increases a bit the power and 
lowering the noise for the LD channels.

A study of a solution for a 1000 channels was done, aimed 
at working at a negligible dissipation.

Anyway, comparing the performances with the 
warm FE the adoption was for the latter…



gpessina, CUPID-Mo Inauguration 12/dec/2019

Cold FE + AC bias 1
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RREF

JFET IFN860

2017 JINST 12 P08010

EDELWEISS uses cold electronics with AC bias with very 
good results.

Advantages: 

• 1/f noise of the input JFET is attenuated 
(the output is read syncrously with the 
square wave, while the series noise at the 
reading freqeuncy does not modulate the 
squae wave):

• Parallel noise of the load resistors is not 
present as the bias is given with capacitors 
and the referne resistor is very large.

(my) warnings:

• Possible noise injection from the bias 
source if the time constant given by the 
capacitors is not small enough;

• Long term stability from the sawtooth.
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Cold FE + AC bias 2

9

RREF

JFET IFN860

2017 JINST 12 P08010

SeriesNoise

+

Series Noise adds to the square wave. Case 1: low frequency noise

Sampling time 1

Sampling time 2= b-c
a

b

c

d

Sampling time 1= a-b

Sampling time 3= c-d

Sampling time 2
The noise is slow in this case and 
change a little from slot to slot: 
doing the difference to generate 
the signal the noise cancels out
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Cold FE + AC bias 3
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RREF

JFET IFN860

2017 JINST 12 P08010

SeriesNoise

+

Series Noise adds to the square wave. Case 2: white noise, fast noise

Sampling time 1

Sampling time 2= b-c
a

b

c

d

Sampling time 1= a-b

Sampling time 3= c-d

Sampling time 2
Now the noise is fast and, from 
sample to sample, it appears not-
correlated: the white noise close to 
the sampling frequency is 
effective.
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Cold FE + AC bias 4
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RREF

JFET IFN860

2017 JINST 12 P08010

Now the signal: the signal change the resistor value, that modifies the square wave amplitude: 
the signal modulate the square wave

Let’s suppose the detector signal a 
sine. If the sine frequency is much 
smaller than that of the square, 
than the input signal emerges at 
the sampling times from the 
process described before.
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Room T operated, RT-FE 1
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The choice for RT-FE was motivated 
mainly by practical reasons:

 it has a high yield as there is the 
minimization of connections, 
only 2 per channel against at 
least 4;

 No power injection, at all.

Main warnings:

 Possible added noise from 
connection vibrations;

 Parallel noise from the load 
resistors and 1/f series noise 
from the preamplifier.



gpessina, CUPID-Mo Inauguration 12/dec/2019

Room T operated, RT-FE 2
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+

-

+

-

• The differential configuration is very useful when array of 
detectors are packaged to minimize cross-talk;

• Depending on the layout, this could be an help also when a cold 
stage is used (see Edelweiss);

• Depending on the link length, common mode disturbances are 
attenuated.

Detector impedance:

• The expected range is a few MΩ, up to tens of 
MΩ, for TH channels and slightly less for LD 
channels;

• Signal bandwidth is a few tens of Hz for TH and 
up to hundred of Hz for LD (LD bandwidth could 
be larger, we will see).
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13.4 mm

Link
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The layout is for a ribbon having 10 pairs each separated by a gnd.

The width of every connection is 0.2 mm and the distance between the 
center-to-center of any connection is 0.4 mm (0.2 mm is the gap), the 
thickness 70 µm.

The length of the link is about 2 m, custom.

Another important benefit is the minimization of the exposition of the detector to 
material with possible presence of background. As an instance the link of for CUORE is 
made with a custom designed strip made by PEN.

http://crio.mib.infn.it/wigmi/media/MauraPictures/Qino-detectors/Piano4.jpg
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Preamplifier 1
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+

-

Detector

RB

RL

RL

CP

Fridge

Essential characteristics:

 The load resistors, RL, are at room temperature;

 The preamplifier is at room temperature, too;

 The preamplifier is voltage sensitive, large impedance, 
differential input.

Room T
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Preamplifier 2
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+

-

In our configuration the Sources 
of the 2 JFETs are used as 
inverting inputs. 

This way the input series noise is 
due to only 2 transistors, while 
the input impedance remains 
very large.

+

-

-

+

Alta Frequenza, Vol. 56, N.8, p. 347-351, 1987;
NIMA, Vol. A370, p.220-222, 1996;
IEEE TNS, V.44, p.416-423, 1997;
NIMA, Vol. 444A, p. 111-114, 2000;
NIMA, Vol. 444A, p. 132-135, 2000;
2009 NSS Conference Record.

http://pessina.mib.infn.it/Biblio/Biblio_Articoli/Alta%20Frequenza%20V%2056%20p%20347%20351%201987.pdf
http://pessina.mib.infn.it/Biblio/Biblio_Articoli/NIMA%20V%20A370%20p%20220%20222%201996.pdf
http://pessina.mib.infn.it/Biblio/Biblio_Articoli/IEEE%20TNS%20V%2044%20p%20416%20423%201997.pdf
http://pessina.mib.infn.it/Biblio/Biblio_Articoli/NIMA%20V%20A444%20p%20111%20114%202000.pdf
http://pessina.mib.infn.it/Biblio/Biblio_Articoli/NIMA%20V%20A444%20p%20132%20135%202000.pdf
http://pessina.mib.infn.it/Biblio/Biblio_Articoli/NSS%202009%20N13-42%20Con_Rec%20Arnaboldi.pdf
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Preamplifier 3
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• A new generation of JFETs is being used. The new JFETs 
have characteristics slightly better than those of the 
CUORE-JFET, no longer available, and are cheaper;

• Here the preamplifier series noise in the TH readout 
configuration (each JFETs operated at 0.5 mA). Note that 
the white noise is contributed by the feedback resistors, too, 
and is similar to the CUORE preamplifiers;

• 1/f noise is slightly smaller, but an average of a large 
number of samples is necessary for confirmation;

• Noise is measured down to 0.1 Hz now to guarantee 
adequate performance (we would it to be smaller than 40 
nV/√Hz @ 0.1 Hz).
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2
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100

no
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e 
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√

H
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X: 0.1

Y: 28.02

X: 0.9638

Y: 3.718
X: 69

Y: 2.619

Series 1/f noise of preamplifiers has been minimized by selecting very low noise JFET. The preamplifiers can be 
operated in Low power Mode and High Power mode.
In low power mode white noise is a bit large, about 2.5 nV/√Hz, but power dissipation is small. This adoption is 
possible for the large impedance NTD, normally equipping the Thermal signals from the crystals.
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Preamplifier 4
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In High Power mode the noise is slightly larger than 1 nV/√Hz fitting the NTDs on the light detectors that are 
faster and have small value impedances.

Note that the noise is almost white down to 1 Hz, and increases below. We believe that the increase of noise 
below 1 Hz is mainly due to thermal tribulation and we are studying this.

• This is the noise in LD mode (each JFET operated at 5 
mA);

• White noise is as expected (still contributed slightly 
from the, unavoidable, feedback resistors).

1 10 100 1K 5k

1

2

10

30

Measurement data

Fit

X: 3373

Y: 1.35

X: 1.02

Y: 2.52

X: 0.11

Y: 24.08
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Preamplifier 5
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Parallel noise could be an important limiting factor. The selected JFET show a gate current of less than 100 fA. 
The parallel noise from this source is negligible up to a 50 MΩ thermistor held at 15 mK.

This noise is not a limit for our setup.

• Gate current of the new JFETs is more 
than adequate.
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Preamplifier 6
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Parallel noise from detector biasing resistors is the limiting factor for our noise.
As an instance, in CUORE we use now 60 GΩ at room T, that become a limit for thermistor with a resistor larger 
than 3 MΩ held at 15 mK.

We are planning to test new resistors with 200 GΩ (equal to the noise of 10 MΩ at 15 mK) value in CUORE as 
the NTD there have a larger value with respect to that expected.

IEEE TNS, V.49, p. 1808 (2002).

RL2= 5 GΩ

R L1
=2

5 
G
Ω

RT=10 MΩ

• Resistors are custom made for not showing 1/f noise at large bias;
• To operate large value resistors we need to be able to apply large 

biases: in CUORE the bias range was extended to 50 V.

http://pessina.mib.infn.it/Biblio/Biblio_Articoli/IEEE%20TNS%20V%2049%20p%201808%201812%202002.pdf
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We have taken care of another very important constraint, 
with the same importance as noise, in our Electronics 
setup:

Thermal Stability and accuracy are at the 
level of the ppm/°C in every part of the 
system, to guarantee a steady behavior on 
long runs.
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Electronics system 1
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

The Electronics for such a 
system is not consisting in 
the preamplifier only.
There are several other 
parts that must assure the 
great stability over long 
runs.

2018 JINST 13 P02026
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Electronics system 2
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

The amplification chain 
has the gain stable at a few 
ppm/°C, while the thermal 
drift of the preamplifiers is 
trimmed for being smaller 
than 1 µV/°C.
This has been possible 
thank to the power supply 
system that operate as a 
low noise source and as a 
1 ppm/°C reference 
voltage.

RSI 87, 054706 (2016)
RSI 86, 124703 (2015)
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Electronics system 3
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

The detector biasing 
system was also designed 
to be stable below 50 
ppm/°C and is able to 
generate up to 50 V (±25 
V) of voltage to allow for 
the adoption of very large 
value load resistors.
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Electronics system 4
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

For detector stabilization a 
voltage pulse is sent to the 
crystal heaters. The pulse 
emulates a particle energy 
and is precise at better 
than 1 ppm/°C in both 
amplitude and width.
The pulser is also able to 
generate a DC signal and 
this is exploited to 
stabilize the baseline 
temperature of the detector 
holder.2018 JINST 13 P02029

IEEE TNS, 52, 2005
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Electronics system 5
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

The Electronics system is 
completely programmable 
in its parameters via fibre 
optic.
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Electronics system 5
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Fridge with Detectors

Cold finger

K

Preamplifier Antialiasing 
filter DAQ

Power Supply

Calibrating Pulse 
Generator

Detector Biasing 
Network

Slow Control and 
Safe Supervisor 

System

II Stage

For all:

= close to the fridge

= remote, close to the DAQ

=same PCBTemperature 
stabilization of det. 

holder

We have just done an 
upgrade in which the 
antialiasing filter merges 
with the DAQ…
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The new DAQ 1
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driversDigital control

+

The new board, a digitally adjustable
antialiasing filter and DAQ:
12 channels, 6-pole Bessel-Thompson low 
pass filter
Broad cut-off frequency choice (2 orders of 
magnitude, 24 – 2500 Hz)
Cut-off frequency is digitally programmable
(10 bits)
Lower power consumption (-66% wrt
CUORE board)
Integrated high resolution sigma-delta 24-
bit ADCs
Sampling rate up to 25 ksps (250 ksps with 
half channels)
Twofold operation: AA filter + DAQ or AA 
filter with standard analog outputs (external
DAQ)

Backpanel

FP
G

A 
m

od
ul

e

1 Gbps
Ethernet
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The new DAQ 2
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Noise referred to the inputs of 6 channels to 
be installed in CANFRANC the next week, 
when the detector has 0 Ω.

Same noise, regardless 
of the gain

Gain set to 3000 V/V 
(max) on 3 channels

Gain set to 200 V/V 
(min) on 3 channels

This proves the power of the 24-bits: the 
ADC does not limit the noise performance 
even if the gain is set to a low value: the 
second PGA stage starts to become useless. 
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The new DAQ 3
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Ni has just launched a new 24-bits DAQ board featuring 32 differential channels. This board is able to perform 
characteristics similar to ours.

It provides also a sw active filter in 5 frequencies steps. The filter is a fourth order, but has a strong drawback in 
our application: it is an elliptic filter optimized for a steep roll-off. As such, it could distort the signals in the 
pass-band since it is not flat, having 0.2 dB of ripple, or 2 %, (we had such experiences with the Butterworth 
filters in our early detectors).

The cost of this board is larger than our and it needs dedicated crate and interface boards.
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Summary
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SPARE 1
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PhysRevD.99.082003: 
33g Ge 41 eVFWHM
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SPARE 2
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http://inspirehep.net/record/1763941/

CUORE baseline resolution, left, and resolution at large energy, right

http://inspirehep.net/record/1763941/
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SPARE 3
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Noise spectra from AC bias at EDELWEISS

2017 JINST 12 P08010
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SPARE 4
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A crate containing 78 channels to be trimmed in temperature
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