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Understanding the Ultimate Chemical Purity of LAr 
Impurity injection, transport, and removal 

This constrains the ratio of the unknown dissolution & 

devolution rate constants.  At equilibrium, Henry’s law 

determines impurity concentrations: 
 

 x(liq) = KH,xx x(gas) , x is mole fraction of impurity 
 

For LAr cryostats, dominant rate processes are kCLEAN , 

kDESORP(TG), and kEvap ; kG-L/L-G may be important. 
 

We need a complete and experimentally verified 

model, including diffusion and temperature 

distributions, to enable quantitative design 

decisions. 
 

The rate constant, k, for each process and 

impurity implies a differential equation. 
 

The solution of all twelve coupled differential 

equations determines the dynamic and 

steady- state impurity concentrations in LAr. 

Note that transport by diffusion requires solving 

PDEs; other processes can be modeled by 

ODEs. 

(Henry’s Law) 𝐾𝐻 𝑇𝐺𝐿 =
𝑘𝐿 𝑡𝑜 𝐺(𝑇𝐺𝐿)

𝑘𝐺 𝑡𝑜 𝐿(𝑇𝐺𝐿)
 

LAr 

cryostat/cryogenic 

system model 
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Dissolution/Devolution 

equilibrium and rates 
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Scatchard-Hildebrand Theory of Liquid Solutions 
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Cohesive energy density 

Solubility parameters 

Exchange energy density 

4 



Henry’s Constant vs. Raoult’s Constant 

1
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Henry’s constant for CH4 dissolved in Ar 

Is 

Raoult’s constant for Ar dissolved in CH4 

and 

 

Raoult’s constant for CH4 dissolved in Ar 

Is 

Henry’s constant for Ar dissolved in CH4 
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Scatchard-Hildebrand Theory of Liquid Solutions 
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Where Do Impurities Reside? 
Henry Coefficients describe impurity partition between liquid and gas phases 
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Selected Henry’s Coefficients 

For liquids and solids dissolved in LAr 
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Where Do Impurities Reside? 
Henry Coefficients describe impurity partition between liquid and gas phases 

Extremely high purity LAr is required to avoid charge attenuation along drift. 
 

(Not a problem for light collection, since for common impurities the optical attenuation length is 

~1000 times greater than electron mean drift length) 

,
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H2O is a problem: 

 H2O appears to have a large (but unknown) 

attachment rate. 

 Henry coefficient for H2O is unknown, but is 

presumably very small (<<0.1).   

 Saturation solubility of H2O in LAr is 

extremely low (<10-8): therefore, the system 

may have three-phases (by the phase rule, 

all concentrations are then constant at a 

fixed temperature, independent of the 

amount of H2O in the system). 

 We need to understand the location 

(partition) of H2O in LAr TPCs, in order to 

determine how best to minimize it’s 

concentration in the liquid, to maximize 

the electron mean drift length.   

 

Nothing is known about rate 

constants; therefore, we cannot 

calculate over what time scales 

impurities distribute themselves in 

the system. 
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Desorption and Diffusion rates 
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Outgassing Rate Measurement 

EA~0.5eV 

Total Outgassing Rate 
for 304 SS 

 
Figure 4.  Experimental data on temperature dependence of 
moisture diffusion coefficient for different epoxy encapsulating 
materials.  Figures in brackets are references. 
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Outgassing Rate Constants: Temperature Dependence 
Water desorption by stainless steel and FR4 

FR4: K. Weide-Zaage et al., Microelectronics Reliability 45 (2005) 1662 

SS:   J.H. Hendricks, Temperature Programmed Desorption 

Measurements of the Binding Energy of Water to Stainless Steel 

Surfaces, AVS 54th International Symposium (2007) 

kD(T) = Exp[-EA/k(T-T0)] 

We re developing a cryostat for measurement of outgassing rates vs. 

temperature for common materials & impurities. 

Water Desorption by FR4 

FR4 

EA=  

0.32 eV 

   SS    

EA=1.1eV 

Each surface adsorbed species has a 

characteristic binding energy; different 

binding/diffusion for bulk absorbed species. 
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Effects of Diffusion, Solution, & Adsorption Rates 
Water desorption & oxygen adsorption by stainless steel 

Need to quantify diffusion and adsorption rate constants (and Henry 

constants) vs. temperature for common materials & impurities! 

Fit Rate 

Constants 
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Lifetime and inferred [O2] after doping with 3 

ppb O2. The jumps are due to stirring. 

A. Bettini, et al., A study of the factors affecting 

the electron lifetime in ultra-pure 

liquid argon, NIM A305 (1991) 177 
 

Measurements in an isothermal cell  

250 cm3 volume 



Electron Attachment and impact 

on LAr TPCs 
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Properties of LAr – Response to ionizing radiation 

For E 

42,000 e/MeV 

8980 e/mm for MIP 

For E0 

51,300 ph/MeV 

10,900 ph/mm for MIP 

X={N2, O2, H2O, …} 

Need 5 ppb O2  

for 2.5m drift 

To do: 

1. Electron attachment to H2O 

appears to be important 

process, but rate constant is 

not known. 

2. Present value of attachment 

constant for N2 appears to 

be too large to be 

compatible with known drift 

times and N2 impurity levels. 

Literature values 
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16 

Detector LAr 

Volume 

(m3) 

Effective 

Ullage 

Surface 

(m2) 

Effective 

Cables 

Volume 

Exchange 

(hr) 

Recirculation 

Rate 

(liter/s) 

as liquid 

Lifetime 

(ms) 
Given or 

Deduced 

ICARUS 523 0.32 53000 144 1.0 7 

LAPD 7.78 26.3 10 6.0 0.36 3 

“MTS” 0.25 0.69 6 2.1 0.033 10 (cf. 7-10) 

ArgoNeuT 0.55 0.20 960 170 0.0009 0.6 (cf. 0.7) 

BNL “TS” 0.021 0.41 6 9 0.0007 1 (cf. >0.1) 

MicroBooNE 136 31 8300 24 1.6 10 
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Values in black are input to, and red are output from, this model 

Simple Kinetic Model for LAr Purity 



LAr 

Vacuum 

Concept of “Optimal” Cryostat and Purification System 

• Limit wall and cable 

surface area in contact 

with gas 

• Limit gas/liquid surface 

area 

• Limit rate of transport 

from ullage volume into 

detector volume 

• Limit convective flow 

• Purify the gas, before 

impurities enter liquid 

Develop a computational model to 

design, verify, and optimize LAr 

systems. 
 

Potential benefits: 

• High purity 

• Passive control 

• Simple, static space 

charge distribution so 

distortion 

• LAr above saturation 

line  reduces bubbles 

& increases 

breakdown voltage 

Optional 

Isothermal 

(internal 

cooling) 

LN2 

or 

Cryocooler 

ATLAS Style 

double 

feedthroughs 
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Summary 

o Much is known about impurities in LAr. But we need to: 

• Quantify partition of H2O in LAr Henry’s coefficient and solubility. 

• Measure attachment coefficient vs E for H2O. 

• Investigate importance of more exotic contaminants (CO2). 

• Measure adsorption/desorption Henry’s coefficients for SS, FR-4,… 

• Measure solution/devolution and adsorption/desorption rates. 

• Develop kinetic model of impurities in LAr TPCs 

o Goal is to design cryostat and cryogenic systems for very high 

LAr purity to increase electron lifetimes to permit long drift 

distances with the highest signal quality, while reducing the 

cost of the cryogenics, electronics, and TPC structures. 
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References for Table of Henry’s Coefficients for LAr 
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