
Battle with noise: Cooling it down..
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Noise…

● Noise is often one of the limitations of 
particle detectors

● Especially true for lots of rare event 
search experiments

● Understanding & minimizing noise is a 
constant topic of the field…
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Types of noise we often deal with

● Johnson–Nyquist noise
○  

○ Irreducible noise
○ From electron random motion

● Shot noise
○  
○ From “when the charge carriers (such as electrons) traverse a gap”

● Flicker noise (1/f noise)
○ Power vs frequency looks like 1/f
○ Not discussed today

● One general method of reducing noise: cool it down

https://en.wikipedia.org/wiki/Noise_
%28electronics%29

3



SuperCDMS Tower
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Some basic material properties

● Need to always consider material properties when cooling them down
○ Heat capacity (specific heat)
○ Thermal conductivity
○ Thermal expansion (contraction in cold)
○ Critical temperature for superconductors
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Specific Heat (c)
● Energy required to change a unit mass of a 

material’s temperature

● Heat capacity (C) factors in the particular 
sample’s mass

● At low temperature (T << Debye Temp.), C 
follows a power law whose exponent describes 
what is holding the heat

■ C ~ T  - Electrons

■ C ~ T3 - Phonons
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Thermal Conductivity (k)
○ How easy is it to put power through a material

○ A steady-state power across a material sustains a temperature difference
○ Limiting conductance can sometimes be the “boundary” from “acoustic 

mismatch” = “Kapitza Resistance”
○ Also a power-law for T << Debye Temp.
○ k ~ T - Electrons

… for small ΔT
○ k ~ T3 - Phonons
○ k ~ T4 - Electron-Phonon coupling
○ 7



Wiedemann-Franz Law

● For metal, thermal conductivity is closely related to electrical conductivity
○ Both are determined by the flow of electrons

● Electrical conductivity is much easier to measure than thermal conductivity
● Often in metal, both conductivities are limited by scattering on defects
● RRR (Residual Resistivity Ratio) used to characterize “purity” of metal

● Eg. for pure copper
○ Random piece: RRR~10
○ Very pure commercial copper: RRR~50
○ Very pure copper, repeatedly annealed: RRR up to >1000 8



Cooling Time Constant (τ)
● Combining a material’s heat capacity and it’s thermal conductance to a 

surrounding “bath”, the temperature evolution is typically exponential with

● Typically, plastics and superconductors below Tc are hard to cool down
● Stainless steel with an extreme aspect ratio can also have a large τ 

(days-weeks)
● Copper are much easier to cool -- widely used in cryogenic applications

○ Gold is better…… 
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Stainless Steel Time Constant

● HeRALD cell takes weeks to reach 
equilibrium

● Had a run end due to a poorly 
thermally anchored stainless steel 
capillary, couldn’t reach below 200 
mK

■ A lab down the hall didn’t 
anchor a stainless coax line, 
same problem

The crime in action…
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Thermal Expansion● Objects change size as they cool down

● Most contraction happens by ~77 K (LN temp) - 
dunk in LN is a good test

● Plastics contract O(1%), metals contract 
O(0.1%)

● A joint where stainless steel bolts together 
copper will loosen while cold, whereas a 
brass-bolted joint tightens

● It’s common to use spring washers (“Bellevilles”) 
to counter this 11



Shattered Polyethylene

● Shielding for Ricochet Cryostat

● Polyethylene contracted radially while copper 
screws did not contract

● Tension caused the PE to shatter
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How to cool things down?

● Two different situations above ~4 K vs below ~4 K
● From room temperature to ~4 K:

○ The “wet” way
■ Liquid Nitrogen → 77 K
■ Liquid Helium → 4.2 K
■ (if you’re desperate) Pump on Liquid Helium → ~1 K

○ The “dry” way
■ Gifford-McMahon (GM) cooler → 30K
■ Pulse Tube CryoCooler → 2.5 K

● Below 4K:
○ Dilution Refrigerator
○ Adiabatic Demagnetization Refrigerator
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Liquid helium at Tevatron
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https://s3.cern.ch/inspire-prod-files-
0/01cbdb97a4f5d30ac6f170b64ffb4
65a



Pulse tube cryocooler

● Overly simplified:
○ When compressor pushing, gas in pulse tube heats up and extra heat 

gets dumped out via X3
○ When compressor pulling, gas cools down and TL gets colder
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https://en.wikipedia.org/wiki/Pulse_t
ube_refrigerator



Two stage pulse tube cooler
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Cryomech PT415 performance
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https://bluefors.com/wp-content/upl
oads/2023/09/PT415-RM-Capacity-
Curve.pdf



Dilution refrigerator
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Materials from Adam & Richard’s 
summary, “CUTE training introduction”



DR fundamentals

● Cooling to milliKelvin temperatures occurs through 
phase transition of He3/He4 mixture

● Below ~1K, the mixture separates into a He3 
concentrated phase (approaching 100% He3) and a 
He3 dilute phase (approaching 6.6% He3)

● As He3 atoms are pumped from concentrated to dilute 
phase, the transition is endothermic and absorbs 
energy from its environment

● Unlike evaporative cooling which drops off 
exponentially with temperature, this transition drops off 
quadratically, enabling lower ultimate temperatures
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DR fundamentals -- continued

● Condense a mixture of He3/He4
○ Typically ~30% He3 in 65-100 L total

● In steady state, ~100% He3 circulates:
○ Gas He3 is condensed by impedances and precooled 

through heat exchangers at Still/Cold plate
○ LHe3 arrives in MC in concentrated phase
○ Transition from concentrated to dilute phase causes 

cooling
○ LHe3 is pumped out of MC dilute phase up to Still by 

osmotic pressure difference
■ (cools incoming He3 on its way)

○ He3 evaporates (evaporative cooling) and gas is 
pumped out to circulate

○ He3 concentration in gas phase decreases with 
increasing Still T above 600 mK

22Source: Pobell Chap. 7
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DR: cooling power budget
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● MC cooling power (ideal) proportional to 
flow rate:

● Still temperature: ideally 600-700 mK
○ Gas pressure too low if too cold
○ He3 fraction too low if too hot

● An art to tune the operation point…

Source: Pobell Chap. 7



DR: cooling power budget

● Imperative to limit how much heat is brought down to cold stages with wiring, 
support structures, etc.
○ Copper thermal conductivity is ~400 W/m.K
○ E.g. 10 cm typical magnet wire (30 AWG) is 0.255 mm diameter
○ This gives 200 uW for 1K delta T

● Heat sink well at each stage
○ Wrap wire around post and glue with high thermal conductivity materials

● Use thinner wire to decrease cross sectional area (fragile)
● Add thermal loops to increase length (difficult for many wires)
● Use low thermal conductivity wire (increases electrical resistance unless SC)
● All of the above
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Gas Handling System
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ADR

27

(Pobell, Chap. 9)



ADR is still in use…

● Despite Pobell disfavors it, ADR is still widely used today
● Much smaller than DR
● No/minimum gas handling, way less prone to leak
● Does not rely on gravity -- can work on rockets, balloons, and satellites
● Disadvantages: 

○ Heat switch is annoying
○ Has a big magnet around -- especially bad for devices sensitive to B-field
○ Need to recycle periodically
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Some Resources

● Pobell - Matter and Methods at Low 
Temperature

● Ekin - Experimental Techniques for 
Low-Temperature Measurements

● Balshaw - Practical Cryogenics

● NIST - Cryogenic Technology Resources

● Duthil - Material Properties at Low 
Temperature
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https://doi.org/10.1007/978-3-540-46360-3
https://doi.org/10.1007/978-3-540-46360-3
https://academic.oup.com/book/32506
https://academic.oup.com/book/32506
https://research.physics.illinois.edu/bezryadin/links/practical%20cryogenics.pdf
https://trc.nist.gov/cryogenics/index.html
http://arxiv.org/abs/1501.07100
http://arxiv.org/abs/1501.07100


A Bonus Resource - CMR Direct

● All-purpose cryogenic supply shop

● Adhesives, wiring, connectors, etc

● Includes “Cryo-emergency” 
products, ready to ship immediately

● Helpful product descriptions!

● https://www.cmr-direct.com/
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https://www.cmr-direct.com/

