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Cryogenic technologies for particle physics

2

CUORE @ LNGS

CROSS @ LSC

CRESST @ LNGS

EDELWEISS 

@ LSM

XENON1T 

@ LNGS

In recent years, cryogenic 
technologies become more and more 

relevant in astroparticle physics 
experiments, due to extreme 

performances, radio-purity, and low 
impact on environment.
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Technological applications

Quantum computing has boosted the 
development of  a new generation of Dilution 
Refrigerators to operate Qubits at mK 
temperature (WP2, talk from J.Pelegrin). In this 
scenario Underground Laboratories can play a 
role offering low background, reduced muon 
flux research environments where the quantum 
coherence time of qubits is strongly enhanced.

Cardani, L., et al. Reducing the impact of radioactivity on 
quantum circuits in a deep-underground facility. Nat 
Commun 12, 2733 (2021).
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Temperature scales
Liquefied Gases: 165K - 77K (4.2K)

• Liquefied Noble Gas TPCs (LXe 165K, LAr 87K)

Cold heads: 15K - 2K

• Gravitational Waves Interferometers

• Dilution refrigerators’ pre-cooling stage

Dilution refrigerators: 5mK - 30mK

• Criogenic detectors, bolometers, sensors, Qubits

COLD
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Next-gen cryogenic experiments
Many cryogenic projects 
are proposing experiments 
in the tonne-scale of cold 
mass 

Detector:

→ low background

→ high sensitivity

Cryostat:

→ Low temperature 

→ Low background

→ Low vibration
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CUORE: the first demonstrator
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 

Custom design and commissioning 


In 2007 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.
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)

WP 5.3
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Dilution unit: hunt for 6 mK
G. Frossati (Leiden Cryogenics) developed the DU for the CUORE 
specifications and advised on how to install and operate it

And today you can just buy it! —> not only from Leiden Cryogenics, 
many players in DRs market today (Bluefors, Oxford Instruments, 
CryoConcept, etc…)
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Cryogen-free DRs
300 K

35 K

3.5 K

800 mK

50 mK
7 mK

© CUORE

Cryogen-free DRs have replaced 
traditional LHe bath 4.2K stage and 
1K stage with Pulse Tube (PTs) 
cryocoolers at 2.5K-3.5K 

• Improved duty cycle

• High reliability

• Reduced instabilities

• Reduced cost/LHe procurement issues

• Easiness of operation

PROS

CONS

• Gas expansion in the PT is an intrinsic 
source of vibration



28/04/2022 - Paolo Gorla - LNGSWorkshop on EU Underground Laboratories 11

Integrated Cryostat
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 remotized 
rotary valve.

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

PT415 from Cryomech can provide a 
cooling power of 1.5W @4.2K W/ 40W 
@ 45K

CUORE case-study
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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



28/04/2022 - Paolo Gorla - LNGSWorkshop on EU Underground Laboratories 14

Vibration dissipation
As vibrations from pulse waves are unavoidable, dissipating vibrations 
far away from the cryostat is crucial
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Cold stage thermalizations

35 K

3.5 K

In CUORE Currently PTs are connected rigidly to 
the 300K plate and to trough a system of copper 
braids the cold stages
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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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Cold stage thermalizations

35 K

3.5 K

In CUORE 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

weakly
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Nowadays most experiments @ LNGS utilise cryogenic technologies


• wide range of temperature (from ~ 165 K down to 0.005 K)


• 6 dilution refrigerators presently underground, more in the future


• increased need of cryogenic and vacuum support


• some projects planned to enlarge the cryogenic equipment

LN2 liquefier & re-liquefier


• will cover the needs of DarkSide and LNGS


• Large power (40 kW @ 68 K)

Testing facilities at “high” temperature


• Pulse Tube based


• GM cold head based


• Characterisation of materials and devices down to ~ 3K

New LHe liquefier


• Support to the “wet” dilution fridges


• Production rate ~ 20 liters/hour

Advance cryogenic Laboratory @ LNGS
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Available infrastructures (I)

A top-class DR (funded by BMBF, INFN, and SQMS) with large 
experimental space: ∅ 50 cm, h 100 cm (Base T < 10 mK).  

Cryogenic setup conceived to perform measurements of detectors 
and devices at very low Temperature

LNGS cryo-platform

Low radioactivity & low vibration environment

Useful for low-background tests of

Cryogenic detectors equipped with TES, NTD, KID, …

Qubits


Dry 3He/4He dilution refrigerator developed as broad use facility in 
the LNGS underground side. The Cryo-Platform facility will be 
available in 2023. Access procedures regulated by a PAC.
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Available infrastructures (II) �
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         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

&867� �

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.

REV37����50�&3$�����6<67(0 �

ECN ZONE REV DATEDESCRIPTION

COLD HEAD MOTOR CORD
(SAME LENGTH AS FLEX LINES)

POWER CORD

3946 - - INITIAL RELEASE 29MAR17

1" ID

1" ID

PT425 2.7W @ 4.2K W/ 55W @45K (base T 2.8K) represents 
the newest technological achievement of Cryomech for DR 
applications (other option: PT310 1.0W @ 3.0K W/ 35W 
@35K). 

2 PTs and a dedicated Test facility will be installed in the new 
Advanced Cryogenic Lab at LNGS above ground site to test 
and characterise performance and vibrations (funded by INFN 
for CUPID, in the upcoming 3 years available for testing) —> 
soft thermalisation and vibration decoupling program

PT425
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APOGEIA WP 5.5
The most advanced research lines in the field focus on the suppression of vibration from PT cryocoolers and on 
the detector vibration decoupling and sensor optimization. PT induced vibration, which come mainly from the 
pulsed expansion of high pressure helium in the PT expansion chamber, can be minimized with soft 
thermalization between PTs and DR plates. Most recent developments include the use of aluminum 6N braids 
widely used in gravitational wave interferometers. At the detector level both the decoupling from vibration and 
sensor optimization can be crucial ingredients of the upgraded sensitivities  for a variety of sensors, including 
transition edge sensors (TES) and neutron transmutation doped (NTD) germanium chips. Complementary read 
out of light or charge offer a fundamental tool for particle discrimination and background rejection. In the LNGS 
laboratory there are facility already available for the test and characterization and facilities funded on different 
budget that will be installed in 2023 and will be available for use during the project: liquid helium based DR; 10K 
GM based cryostat; PT based cryostat; 2 cryogen-free DR.  

5.5.1.2 Deliverables :


1.     Hire of the personnel  that will follow the optimization and testing on the  facilities.

2.     Acquisition of the electronic instrumentation and sensors to characterize and optimize detectors.

3.     Upgrade and commissioning of the PT facility
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Take home messages
Next generation of cryogenic projects, both in 
astroparticle physics and quantum technology, will 
require large, low background, and low noise cryostats
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Vibration suppression is one of the crucial issues given 
the impressive improvement of PT cryocoolers and also 
of vibration abatement strategies

WP 5.5 aims to develop and complete noise 
characterisation and suppression programs 

The technology and knowhow are mature for next 
generation tonne- or multitonne-scale mK cryostats

The first prototype, CUORE, has been extremely 
successful but many improvement are needed (CUORE 
has been the prototype of itself and some of the 
strategies must be tuned for the future)


