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Disclaimer

CUORE has been a great training camp experience. The challenge of a ton scale 
cryogenic experiment has been a dream for many, starting from the visionary ideas 
of Ettore Fiorini back in the ‘90s. Now CUORE is a reality: built and running. Still the 
features of such a detector need to be fully exploited. 

All frontier particle physics projects are difficult, complex and challenging. This is a 
matter of fact. All of you know how much commitment, how many management 
skills and how much effort are needed.

CUORE represents the first step in a new era for cryogenic detectors. Now moving 
to newer and more challenging project is not anymore a dream but still a great 
enterprise.
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A favourable view point
Working at LNGS 
since the very 
beginning of CUORE 
and being involved in 
many of the 
construction/
commissioning/start 
up operations has 
been a unique 
opportunity to learn 
what CUORE can 
teach to the upcoming 
generation of projects. 2006



18/02/2022 - Paolo Gorla - LNGSPhysics Opportunities at 100-500 MHz Haloscopes 4

CUORE is a complex experiment
CUORE is a complex 
experiment, operated in 
complex environment.

Detector:

→ low background

→ high resolution

Cryostat:

→ Low temperature 

→ Low background

→ Low vibration
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CUORE cryostat (I)
Requirements 


The CUORE detector is hosted in a cryogen-free 
cryostat (mass < 4K: ~15 tons of Pb, Cu and TeO2):

- Operating temperature 11 -15 mK (base T~7 mK) on 

an experimental volume of ~1 m3

- Designed to guarantee extremely low radioactivity 

and low vibrations environment 

- Energy resolution: goal of 5 keV at Qββ 

- Low background: goal of 10−2 cts/(keV·kg·yr) at 

Qββ 

- Low vibrations

- Run for 5 yr 

CUORE

Solutions 

- Cryogen free cryostat → Lower downtime 

- 5 (4) Pulse Tubes (PT) down to ∼4K  

- Dilution Unit (DU) down to ∼7mK 

- PT phase cancellation

988 TeO2 crystals 
(arranged in 19 towers 
with 13 floors each,     
52 5x5x5 cm3 TeO2 
crystals per tower)

Top lead 
shield

Side  roman 
lead shield

Bottom  
roman lead 

shield

300 K

4 K

600 mK
50 mK

10 mK

40 K
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CUORE cryostat (II)

Custom design and commissioning 


No company or engineer available to develop/
design the full CUORE cryostat. Most of the 
work internal to the CUORE collaboration: 
design took 3 years  and commissioning took 4 
years but results are impressive.


And now we know how to do it better.

CUORE

988 TeO2 crystals 
(arranged in 19 towers 
with 13 floors each,     
52 5x5x5 cm3 TeO2 
crystals per tower)

Top lead 
shield

Side  roman 
lead shield

Bottom  
roman lead 

shield

300 K

4 K

600 mK
50 mK

10 mK

40 K
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Everything but clean
With partial chains

Volume Type Components

TeO2 Bulk 2⌫��, 210Pb, 232Th, 228Ra-208Pb, 238U-
230Th, 230Th 226Ra-210Pb, 40K, 60Co,
125Sb, 190Pt

TeO2 Surface (0.01 µm) 232Th, 228Ra-208Pb, 238U-230Th, 226Ra-
210Pb, 210Pb

TeO2 Surface (1 µm) 210Pb

TeO2 Surface (10 µm) 210Pb, 232Th, 238U

CuNOSV Bulk 232Th, 238U, 40K, 60Co, 54Mn

CuNOSV Surface (0.01 µm) 210Pb, 232Th, 238U

CuNOSV Surface (1 µm) 210Pb, 232Th, 238U

CuNOSV Surface (10 µm) 210Pb, 232Th, 238U

Roman lead Bulk 232Th, 238U, 108mAg

Top lead Bulk 232Th, 238U, 210Bi

Ext. lead Bulk 210Bi

CuOFE Bulk 232Th, 238U, 60Co

External - Cosmic muons

Any single CUORE component or part has been selected and validated for 
low contamination content. The full bkg expectation projected via MC 
simulations.

Crucial contribution from LNGS low background facility (STELLA Lab) 
and low contaminant traces identification facility (ICPMS Lab)
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Dilution unit: hunt for 7 mK (aka the coldest cubic 
meter in the known universe*…)

F12 berlinettaChallenger MT975

L.Taffarello (INFN- Padova): “ We need a machine as powerful as the Challenger and as performing as 
the F12”

CUORE CryoReview, April 2013

* credits to J.Ouellet - MIT
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Dilution unit: hunt for 7 mK (aka the coldest cubic 
meter in the known universe…)

Leiden Cryogenics knows how to do it!


G. Frossati developed the DU for the CUORE 
specifications and advised on how to install and operate.
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Dilution unit: hunt for 7 mK (aka the coldest cubic 
meter in the known universe…)

Leiden Cryogenics knows how to do it!


G. Frossati developed the DU for the CUORE 
specifications and advised on how to install and operate.

And today you can just buy it!
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Dilution unit: hunt for 7 mK (aka the coldest cubic 
meter in the known universe…)

And then you just need to insert it in a large 
enough cryostat providing all the proper 
temperature stages.

To cool down the full cuore mass you need 
to remove ~1*109 J of enthalpy.

Where can you get such an impressive 
cooling power?
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Cryomech pulse tubes
CUORE cryostat is equipped with 5 
(4 operating at the time) Cryomech 
PT415 Pulse Tubes with remonetized 
rotating valve.

These PTs provide ~3.5 K at the 2nd 
stage and ~35 K at the 1st stage for the 
full CUORE cryostat.
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CUORE cryostat (III)
Building a cryostat


The production, cleaning and assembling of the 
CUORE cryostat has been a challenge for 
engineers and companies, given the selection of 
materials (e.g. copper is not engineers favorite 
material to design 6 m3 wide vessels-vacuum 
tight).

CUORE

988 TeO2 crystals 
(arranged in 19 towers 
with 13 floors each,     
52 5x5x5 cm3 TeO2 
crystals per tower)

Top lead 
shield

Side  roman 
lead shield

Bottom  
roman lead 

shield

300 K

4 K

600 mK
50 mK

10 mK

40 K
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CUORE cryostat (IV)
Building a cryostat

The production, cleaning and assembling of the 
CUORE cryostat has been a challenge for 
engineers and companies, given the selection of 
materials (e.g. copper is not engineers favorite 
material to design 6 m3 wide vessels-vacuum 
tight).

CUORE
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CUORE cryostat (V)
CUORE
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300 K

35 K

3.5 K

800 mK

50 mK
7 mK

All the cryostat components well thermalized 
at the different stages (including top Pb @ 50 
mK and lateral roman Pb @ 3.5 K). No 
evident temperature gradient or heat leak.

Cryostat assembled
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Never-ending cleaning
Custom procedure 
m o d i f y i n g a 
commercial water/
vacuum cleaner with a 
citric acid solution 
system.
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Cool down
Cooling down the CUORE cryostat takes 40-60 days 
(including the 2 weeks pumping to remove heat 
exchange He gas). R&D cool down in the CUORE 
cryostat: not more than 2/year (3?)
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Fast cooling (?)
Pre cooling system based on 3 GM AL600 cold heads (600W @ 
80K, 100W @ 30K) to inject cold helium in the cryostat. Cool 
down to 4 K of about 15 tonnes was performed in 17 days: fast 
cooling was used up to ~ 75 K.
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Fast cooling (?)
Pre cooling system based on 3 GM AL600 cold heads (600W @ 
80K, 100W @ 30K) to inject cold helium in the cryostat. Cool 
down to 4 K of about 15 tonnes was performed in 17 days: fast 
cooling was used up to ~ 75 K.

4 PT system gave indications to be strong enough to cool down 
the cryostat without fast cooling (stress/ageing for PTs in non 
standard configuration?)
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• Reached a minimum of (6.3 ± 0.2) mK 

Stable over more than 70 days

• Cooling power  3 𝛍W @ 10 mK 

Base temperature*

*Data from commissioning run without detectors



18/02/2022 - Paolo Gorla - LNGSPhysics Opportunities at 100-500 MHz Haloscopes 20

Temperature stability
Cryostat stability + PID temperature control guaranteed stability of NTD 
resistance better than 1%
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Building a detector
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Detector installation (II)
…the final installation had to be performed 
on the cryostat: 

• First time towers exit N2 atmosfere. Rn free 

air mini-clean room (CR6) <50 mBq/m3

• Special procedure to access CR6

• Complex set of tools to install towers under 

Tower Support Plate (TSP)
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Assembling an experiment
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10 mK shield



18/02/2022 - Paolo Gorla - LNGSPhysics Opportunities at 100-500 MHz Haloscopes 24

10 mK shield
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10 mK shield
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Closing cryostat (I)
Opening/closing the CUORE cryostat is not 
an easy business: vessels weight between 290 
kg (HEX shield) and 1600 kg (OVC). Roman 
lead shields weights 5400 kg. A dedicated 3 
hoist lifting system with support rings was 
developed to allow closing/opening.

Lifting 

ring

HELICOFLEX

Centering ring

The sealing of the IVC was 
i m p l e m e n t e d w i t h 
H E L I C O F L E X o - r i n g 
technology (expensive and 
delicate). Full closing of the 
cryostat takes 1 week.
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Closing cryostat (II)
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First CUORE pulse
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But the challenges just started…
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Setup

• Previously PTs {1,2,4,5}


• Quite asymmetric


• Presently PTs {1,3,4,5}


• While this is not great symmetry it 
is more than we had previously

Top of the Cryostat

XPT phases change noise of orders of magnitude.

PTs induced vibrations
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Sand-filled 
columns

Main Support 
Plate

Concrete 
support 
structure

Screw-jacks

Movable platform
Seismic 

insulators

Cryostat

H3BO3 panels

Polythylene 
Shield

External 
Lead Shield

Minus-K 
isolators

Y- beam

The forced pendulum

All the CUORE vibration suppression systems 
designed to cut external vibration sources

But if the main source is on the cryostat (PTs) 
this ends up in a forced pendulum system
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Attenuation of Pulse tube induced vibrations:


(1)  Switch to Linear Drives to control PT motor heads -> 
reduce temperature variations on the Mixing 
Chamber


(2)  PT phase scan to find the phase configuration that 
actively minimize the PT induced vibrations

Example of the PT 
induced noise for 
three different PT 
phase configurations

Cryogenics 93 (2018) 56–65

arXiv:1712.02753

PT phase cancellation
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Vibration dissipation
As vibrations from pulse waves are unavoidable, dissipating vibrations 
far away from the cryostat is crucial
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Vibrations in the cryostat
Another important ingredient to the fight to 
reduce vibrational noise (improve energy 
reposition) comes from the evidence that noise 
seem to be signal strip related. The Cu-Kapton 
bands carrying the bolometer signals have a by 
column organization and this is well respected by 
specific vibrational noises.

For the future (CUPID) a new design of the strips 
with better mechanical decoupling will be 
mandatory
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Calibration

CUORE calibration has been designed to get inside the 
experimental volume to maximise exposure and avoid self-
shielding. Unfortunately the system showed some criticality due 
to its complexity.

Currently a backup system that illuminates the detector from 
outside the cryostat is being used with good results (longer 
exposure, less uniform but extremely more stable).

CUORE is calibrated with a 232Th gamma source (strings)
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Take home messages
CUORE cryostat is an extremely successful environment 
to operate bolometric detectors.  So far it has been 
operating for 4 years in steady conditions without a 
complete warm up.
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CUORE cryostat is an extremely successful environment 
to operate bolometric detectors.  So far it has been 
operating for 4 years in steady conditions without a 
complete warm up.

CUORE data quality and exposure are the best 
confirmation of the efficiency of the system (1 tonne*y 
soon on Nature, 1.5 tonne*y already collected).
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Take home messages
CUORE cryostat is an extremely successful environment 
to operate bolometric detectors.  So far it has been 
operating for 4 years in steady conditions without a 
complete warm up.

CUORE has been the prototype of itself and some of 
the strategies must be corrected for the future

Vibrational noise from PTs must be suppressed via 
phase cancellation and improvement of the 
thermalization system

The technology and knowhow are mature for an 
upgrade of the CUORE cryostat.

CUORE data quality and exposure are the best 
confirmation of the efficiency of the system (1 tonne*y 
soon on Nature, 1.5 tonne*y already collected).
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Looking at the future…
Moving from CUORE to CUPID does not require major changes in the 
cryostat. Nevertheless vibration suppression can benefit from 
improvements of different parts of the system. 
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Looking at the future…
Moving from CUORE to CUPID does not require major changes in the 
cryostat. Nevertheless vibration suppression can benefit from 
improvements of different parts of the system. 

No change of shields/vessels is needed to improve radio purity as the 
contribution to the big is negligible
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Looking at the future…
Moving from CUORE to CUPID does not require major changes in the 
cryostat. Nevertheless vibration suppression can benefit from 
improvements of different parts of the system. 

Maintenance (I): Reparation of the condenser line 7: DU has 2 
condensing lines (named 6 and 7). Condensing line 7 is leaking to the 
OVC and must be repaired to allow more efficient cool down.

No change of shields/vessels is needed to improve radio purity as the 
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Looking at the future…
Moving from CUORE to CUPID does not require major changes in the 
cryostat. Nevertheless vibration suppression can benefit from 
improvements of different parts of the system. 

Maintenance (I): Reparation of the condenser line 7: DU has 2 
condensing lines (named 6 and 7). Condensing line 7 is leaking to the 
OVC and must be repaired to allow more efficient cool down.

No change of shields/vessels is needed to improve radio purity as the 
contribution to the big is negligible

Maintenance (II): Possible reparation of the leak between IVC and 
OVC. In operation this does not generate problems (both volumes are 
in vacuum) but during cool down we are forced to keep OVC pumped 
to avoid heat exchange.
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Improved rigidity

Rigidity: Improving the stops that keep the joints at the different 
plates rigid (avoiding pendulum effects). Improvements may be 
needed at 40K, 4K, HEX and MC levels. Also lateral Pb shield 
thermalization may be improved.  
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Moving to CUPID a new cabling of the cryostat will be needed (moving 
from 1000 to 3000 channels), for both the 300K - 10mK wires and for 
the 10 mK to detectors strips.

New cabling
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Moving to CUPID a new cabling of the cryostat will be needed (moving 
from 1000 to 3000 channels), for both the 300K - 10mK wires and for 
the 10 mK to detectors strips.

New cabling

Increasing the number of wires (300K to 10mK connections), a loose of 
base T is foreseen O(1mK). As now we operate well above base T 
(11-15 mK with respect to 7mK), this should not be a major issue.
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Moving to CUPID a new cabling of the cryostat will be needed (moving 
from 1000 to 3000 channels), for both the 300K - 10mK wires and for 
the 10 mK to detectors strips.

A new design of the strips layout with better mechanical decoupling 
will be mandatory to reduce vibration transmission to the detectors. 

New cabling

New junction boxes at MC stage with more compact design may be 
needed.

Increasing the number of wires (300K to 10mK connections), a loose of 
base T is foreseen O(1mK). As now we operate well above base T 
(11-15 mK with respect to 7mK), this should not be a major issue.
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Change thermalizations?

35 K

3.5 K

Currently PTs are connected rigidly to the 300K 
plate and to trough a system of copper braids the 
cold stages
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35 K

3.5 K

Currently PTs are connected rigidly to the 300K 
plate and to trough a system of copper braids the 
cold stages

Connection to 300K may be improved with soft/
bellow collars. A study of the vibration dissipation 
is needed to understand if this configuration 
improves or not the system.
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strips (developed for gravitational interferometers 
application KAGRA/ET), softer copper wires, He 
gas…
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Change thermalizations?

35 K

3.5 K

Currently PTs are connected rigidly to the 300K 
plate and to trough a system of copper braids the 
cold stages

Many ideas to improve this configuration: soft Al 
strips (developed for gravitational interferometers 
application KAGRA/ET), softer copper wires, He 
gas…

Connection to 300K may be improved with soft/
bellow collars. A study of the vibration dissipation 
is needed to understand if this configuration 
improves or not the system.

Radical improvement of the noise cancellation will 
require redesign the cryostat-PT coupling (possible 
for new cryostats) but optimization of the current 
system are under investigation
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40,000 W/m/K 
   @ 6K �

6N	Purity	Al	Heat	Link�

Teion	Kogaku	46,	(2011)	415-420	 �

Thermal	/	Electrical	conduc1vity	
at	cryogenic	temperature	
propor1onal	to	material	purity.�

This	is	important	to	realize	weekly		
connected	heat	links	to	cryogenic		
payload	

Stranded	cable	(made	of	many	thin		
wires)	has	advantage	to	have	small		
spring	constant. �

���

KAGRA
6N Purity Al Heat Link
Extremely soft and good 
conducting high purity Al braids



18/02/2022 - Paolo Gorla - LNGSPhysics Opportunities at 100-500 MHz Haloscopes 41

Improving PTs?
1

1

2

2

A A

B B

BTA: -
1ST CHK: NLO DATE: 29MAR17 2ND CHK: PB DATE: 29MAR17
DWN BY: CJS DATE: 29MAR17 SCALE: TO FIT DWG

SIZE: A
MATERIAL: AS STATED
DWG #: PT420-RM CPA1114 SYSTEM
NAME: PT420-RM CPA1114 CRYOREFRIGERATOR

SHT 1 OF 1 

         ALL DIMENSIONS ARE IN INCHES
TOLERANCES: FRACTIONS ±1/32 DECIMALS XXX=±.005 XX=±.01 X=±.1
ANGLES ±.5°                         ALLOVER FINISH 25 Ra
CONCENTRICITY .005 TOTAL INDICATOR RUN OUT
PERPENDICULAR ±.002           (UNLESS OTHERWISE SPECIFIED) 

CRYOMECH, INC
113 FALSO DRIVE SYRACUSE, N.Y. 13211
Tel: (315)455-2555 Fax:(315)455-2544

THIRD ANGLE PROJECTION

CUST: -

PT420-RM COLD HEAD

MANUAL TOOL KIT

CPA1114 COMPRESSOR PACKAGE
(WATER COOLED)

(2) LOW NOISE HELIUM FLEX LINES
STANDARD LENGTH: 66 ft
OTHER LENGTHS AVAILABLE3/4"

AEROQUIP

3/4"
AEROQUIP

3/4"
AEROQUIP

3/4"
AEROQUIP

ALL INFORMATION CONTAINED IN THIS DOCUMENT SHOULD BE

USED FOR REFERENCE PURPOSES ONLY & ARE SUBJECT TO

CHANGE WITHOUT PRIOR NOTIFICATION. ALSO, THIS DOCUMENT

IS CONSIDERED PROPRIETARY & THE SOLE PROPERTY OF

CRYOMECH, INC. & SHOULD NOT BE REPRODUCED IN ANY

MANNER WITHOUT PRIOR WRITTEN APPROVAL.

REVPT420-RM CPA1114 SYSTEM -

ECN ZONE REV DATEDESCRIPTION

COLD HEAD MOTOR CORD
(SAME LENGTH AS FLEX LINES)

POWER CORD

3946 - - INITIAL RELEASE 29MAR17

1" ID

1" ID

Moving to PT 425 (2.2W @ 4.2K W/ 45W @45K) can be a interesting improvement 
as it may allow to reduce the number of PTs.

Setup

• Previously PTs {1,2,4,5}


• Quite asymmetric


• Presently PTs {1,3,4,5}


• While this is not great symmetry it 
is more than we had previously

Moving from 4+1 to 3+1 PTs may 
improve phase cancellation and 
control system but a dedicated 
study is needed before taking this 
decision. 
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IVC vacuum
CUORE IVC is vacuum tight to 
allow insertion of heat exchange 
gas (He) during cool down. Can 
this be avoided? BLUEFORS and 
other companies are already 
offering single vacuum dilution 
unit with thermal lines to cool 
down the experimental mass/
volume up to few hundreds of kg.

BLUEFORS ©
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This is not an option for CUPID 
but next generation cryostats may 
explore this option. 
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Take home messages (II)
Race has start for the next generation cryogenic experiment: 
the CUORE cryostat offers a crucial advantage to CUPID 
being operational and widely tested
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Take home messages (II)

Several improvements are needed or desirable to change 
the CUORE cryostat into the CUPID cryostat. Some studies 
already started or are under development.

Race has start for the next generation cryogenic experiment: 
the CUORE cryostat offers a crucial advantage to CUPID 
being operational and widely tested
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Race has start for the next generation cryogenic experiment: 
the CUORE cryostat offers a crucial advantage to CUPID 
being operational and widely tested

Simplicity is a crucial attitude for complex experiments. 
Simple solutions must be developed to improve noise 
reduction without affecting the operability of CUPID 
detector.
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Take home messages (II)

Several improvements are needed or desirable to change 
the CUORE cryostat into the CUPID cryostat. Some studies 
already started or are under development.

Race has start for the next generation cryogenic experiment: 
the CUORE cryostat offers a crucial advantage to CUPID 
being operational and widely tested

Simplicity is a crucial attitude for complex experiments. 
Simple solutions must be developed to improve noise 
reduction without affecting the operability of CUPID 
detector.

Next generation of cryostat will profit from all the know how 
accumulated and design better performing cryostat using 
smarter solutions for vibration suppression.
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The End


