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Introduction


Temperature concepts in physics


Cryogenic cooling technology


Cryogenic system developments


Synergies
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Refrigeration and 
cryogenics comprises 
all „left-handed“ (↺) 
thermodynamic cycles 
and processes

3

Introduction – application spectrum
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Cryogenics in Particle, Astroparticle and Nuclear Physics
TEMPERATURE CONCEPTS IN PHYSICS
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Celsius scale (empiric) 
Take 2 convenient temps.  
(e.g.  and  of water) 

Assign arbitrary numbers  
(e.g. 0 and 100)


Kelvin scale (semi-empiric)

Take the pressure of a gas at constant 

Extrapolate to low temperatures  
(ideal gas law)

Pressure goes to zero at  
-273.15 °C = 0 K 

Ttr Tnb

V
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Temperature scales

Logarithmic scale 

Anders Celsius 
Source: https://www.uu.se/ 

Sir William Thomson 
Source: https://en.wikipedia.org/ 
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https://www.uu.se/en/about-uu/history/celsius/
https://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
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Classical interpretation from kinetic theory 
(1) Start from cylinder with just one gas molecule


Velocity , horizontal component 

Elastic collisions with smooth walls 

(2) Relate pressure with kinetic energy


 

(3) Large number  of molecules with random positions and directions

Large  yields continuous  and 	 →	 


(4) Applying the ideal gas law 

  or	     ☞   
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Physical interpretations of temperature (1/2)

Length L

Area A

Volume
V = LuAw

wx

Newton’s 3rd law: 

Newton’s 2nd law: 

⃗F A→B = − ⃗F B→A
⃗F = m ⃗a

Two issues: 
Particles considered 
as non-interacting 
point masses 

Both  and  related 
to kinetic energy

T p
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Theoretical definition from statistical mechanics 

  with    

Possibility of negative absolute temperatures in systems of limited total energy

First experiments and concept by E.M. Purcell, R.V. Pound (1951)

Proof that negative temperatures are real by P. Hakonen, O.V.  
Lounasmaa (1994)

Stable negative temperatures for  
motional degrees of freedom by  
S. Braun et al. (2013)  

1
T

≡ ( ∂S
∂U )

V,N
S = S (U, V, N)
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Physical interpretations of temperature (2/2)

Intensive state properties from partial 
derivatives of entropy in terms of its 
extensive state variables
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The classical relation of  with kinetic energy and the Equipartition Theorem 
 cannot explain negative absolute temperatures!


Moreover, kinetic theory yields , which is incompatible with the 
Third Law of Thermodynamics requiring  at  

Specific heat of 3He in the gas region

T
U = NA f 1

2 kT

Cv = ∂U
∂T = const.

Cv → 0 T → 0
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Understanding temperature

Source: Huang, Y. et al.: Debye equation of state for fluid helium-3 (2006), 
https://doi.org/10.1063/1.2217010

 starts falling below  at 


This is 4 orders of magnitude  
above the lambda point of 3He  
at , i.e. no quantum 
effects!

Cv
3
2 R T ≈ 20 K

Tλ = 2.6 mK

Particles move in 
particle-wave 
functions (not in 
straight lines), even 
in an ideal gas!
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Cryogenics in Particle, Astroparticle and Nuclear Physics
CRYOGENIC COOLING TECHNOLOGY
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Conceptual design study for next-generation hard X-ray FEL facility

Beamline consisting of 16 cryomodules containing sc. magnets 

Cryogenic cooling requirements:  plus 3500 W @ 77 K 70 W @ 4.2 K

10

Cooling study for 
www.compactlight.eu

Option A – Multiple cryocoolers 
Largest cryocooler:  
(PT425, Cryomech) 

2.7 W @ 4.2 K

www.cryomech.com

Option B – LHe plant 
Smallest cryoplant:  
(LR70, Linde Kryotechnik) 

100 W @ 4.2 K

www.linde-kryotechnik.ch

Not  
„cryogen-free“

Not  
„mechanical cooling“

The working fluid is the key player 
in any thermodynamic process !!

http://www.compactlight.eu
http://www.cryomech.com
http://www.linde-kryotechnik.ch
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Option A: 
At least 3 cryocoolers (2 W @ 4.2 K) 
needed per cryomodule

48 cryocoolers per beamline

Investment cost of about 2.4 M€


Option B: 
Smallest LHe-plant by Linde (LR70) 
sufficient

Cooling of shield with LN2 or GHe

Investment cost of about 2.1 M€

11

cooling system comparison

Power consumption 

Option A – cooled solely by cryocooler

Option B – shield cooled with GHe

Option B – shield cooled with LN2

Investment cost almost identical, power consumption/operating cost is crucial! 
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Simplest cryogenic cycle

	 (Linde-Hampson cycle)
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Cryogenic development potentials

Improved cryogenic cycle

(Claude cycle)
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Options for efficiency increase

Higher efficiency by 
using refrigerant 
mixtures (MRC)


„Molecular 
 Engineering“ 
Negligible cost

Scalable

Higher efficiency by 
increased system 
complexity


Cold expander

Number of HX ↑

Control ↑

Investment cost ↑

	 The only path for a substantial technology improvement 
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Cryogenics in Particle, Astroparticle and Nuclear Physics
CRYOGENIC SYSTEM DEVELOPMENTS
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Micro-structured current leads cooled with cryogenic mixed-refrigerant 
cycles (CMRC-MSCL)

14

Current lead development for sc. applications

300 K
T

Simplest

Least efficient

Most efficient

Adapt fluid mixture properties

Provide large HX surface

Source: Shabagin, E.: Development of a CMRC 
cooled 10 kA current lead for HTS applications. 
DOI: 10.5445/IR/1000144514 

COMPASS Test Stand

(→ 10 kA)

	 Reduction of power consump- 
	 tion to about 1/3! 
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2 Examples – Cryogenics in large-scale experiments

KATRIN 

Einstein Telescope
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Neutrino mass measurement with 0.2 eV sensitivity requires extremely stable source

16

Cooling of the tritium source in KATRIN

90% of systematics  
in KATRIN have their 
origin in the tritium  
source

Temperature 
stability of  

 @  5 × 10−5 h−1 30 K

	 Understand requirements and solutions 
	 in complex system developments 
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KATRIN Highlight – Nature Physics

First ever sub-eV limit 
by direct neutrino mass 
experiment
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KATRIN Highlight – Nature Physics

G. Drexlin (KIT) KATRIN 3.5.20222

KATRIN Highlight ± Nature Physics
� distribution of fitted ࣇ

 and ࡱ values

2V

1V

- best-fit Q-mass:

݉ఔ
ଶ ൌ ͲǤʹ േ ͲǤ͵Ͷ ܸ݁ଶ

ܧ ൌ ͳͺǡͷ͵Ǥͻ േ ͲǤͲ͵ ܸ݁

combined result KNM1 & KNM2:

- only 7% of expected final data-set

݉ ߥ ൏ ͲǤͺ ܸ݁ ͻͲΨ Ǥܥ Ǥܮ
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Cryostat scheme

19

Einstein Telescope: Cryogenic infrastructure

Conceptual process flow diagram

Part(s) Temp. level Est. cooling power
Outer thermal shield & cryotraps 5…80 K x…104 W
Inner thermal shields 5 K x…102 W
Payload heat sink 2 K x…1 W

Cryogenics and cryo-vacuum are key technologies for ET-LF

Source: Busch, L.; 
Grohmann, S.: Conceptual 
Layout of a Helium 
Cooling System for the 
Einstein Telescope. Adv. 
Cryo. Eng., Procs. Cryo. 
Eng. Conf. (CEC) 2021, 
Accepted.
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ET-LF interferometer (3…30 Hz) 
Sensitivity improvement  
compared to 2.5G detector (KAGRA)

Laser power 18 kW

Cryogenic optics @  essential

ΔS < 10−3@3 Hz

T = 10…20 K
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Einstein Telescope: Cryogenic ET-LF

Concept of superfluid He-II 
capillary suspension

Most important 
Suspension


Thermal Noise 
(STN)

ET Cryogenics Meeting

Rome, April 27-28, 2022

	 Feasible in terms of STN 
	 Impact of He-II yet unknown

	 New direction of R&D 
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Cryogenics in Particle, Astroparticle and Nuclear Physics
SYNERGIES
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European Standardisation 
Helium cryostats – Protection against excessive pressure

Project 2017–2022

Co-funded by AMICI
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Helium cryostats → complex and individual design solutions

Small design margins, cutting-edge performance

Common solutions cannot be standardised

Standardisation of the way towards a safe design


Contents

…

Risk assessment

Protection concepts

Dimensioning of pressure relief devices

…

Operation
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New European Standard EN 17527

First International Standard on safety of helium cryostats now available

Publication date

May 2022
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Thank you for your attention!


