
Contents 

Part I Temperature Measurements in the Range from 0.1 K to 300 K 

Introduction 3 

List of Symbols 5 

Chapter 1 The Concept of Temperature 9 

1.1. Definitions of Temperature 10 
1.1.1. The Phenomenologic Approach 10 
1.1.2. The Axiomatic Approach 16 
1.1.3. The Microscopic Approach 19 
1.1.4. Negative and Nonequilibrium Thermodynamic Temperatures 21 

1.2. Temperature Scales 22 
1.2.1. Thermodynamic Temperature 25 
1.2.2. Empirical Temperature 29 
1.2.3. Official Temperature Scales 34 

1.3. Summary of a Temperature Scale Definition 36 

Chapter 2 Gas-Based Reference Points for Thermometry . 37 

2.1. Thermodynamic States versus Standard Reference Materials 38 
2.1.1. Substances and Standard Reference Materials 38 
2.1.2. Thermodynamic States and Phase Diagrams 40 
2.1.3. Reference Points: Triple, Boiling, and Critical Points 42 

2.2. Physics Associated with Gas Triple Points 42 
2.2.1. Triple Point of a Pure Substance 43 
2.2.2. Triple Point of an Impure Substance. Cryoscopy 47 

2.3. The Realization of Temperature Fixed Points Using Gas 
Triple Points 53 
2.3.1. Thermal Problems in the Design of Triple-Point Cells 54 
2.3.2. Chemicophysical Problems in Triple-Point Realizations 62



2.3.3. The Technique of Sealed Cells for the Realization 
of a Temperature Reference 68 

2.4. Modern Design of Temperature Fixed Points Based'on the 
Triple Point of Gases 75 
2.4.1. Sealed Cells for Capsule Thermometers 76 
2.4.2. Sealed Cells for Long-Stem Thermometers 80 

2.5. Fixed Points Using Other Phase Transitions 85 
2.5.1. Liquid-to-Liquid Transitions 85 
2.5.2. Solid-to-Solid Transitions 88 

2.6. The ITS-90 between 13.80 K and 273.16 K and Scale 
Approximations Using Sealed Fixed Points 90 
2.6.1. Realization of the ITS-90 in the Laboratories 91 
2.6.2. Approximating the ITS-90 93 

2.7. Gaseous Standard Reference Materials and Sealed Cells 97 
2.8. Summary of Triple-Point Sealed-Cell Design Criteria 98 
2.9. Summary of Sealed-Cell Fabrication Techniques  99 

2.10. Summary of the Sealed-Cell Measurement Procedures by 
Step-Melting 101 

Chapter 3 Gas Thermometry between 0.5 K and 273.16 K 103 

3.1. Constant-Volume Gas Thermometry 104 
3.1.1. Influence of Physical Parameters 106 
3.1.2. Influence of Technical Parameters 116 
3.1.3. Gas Thermometer with Built-in Pressure-Measuring Device 129 

3.2. Interpolating Constant-Volume Gas Thermometers 133 
3.2.1. ICVGT Types with Stipulation of the Virial Function 139 
3.2.2. ICVGT Types without Stipulations 142 

3.3. Gas Thermometer Realization . 148 
3.3.1. CVGTs with Reference at Temperatures Lower than 273.16 K 149 
3.3.2. CVGTs with Reference Temperature at 273.16 K 156 
3.3.3. CVGTs Using a Cryogenic Pressure-Measuring Gauge 158 
3.3.4. Realizations of Interpolating Gas Thermometers 160 

3.4. Gas Thermometry in the ITS-90, and Future Development 161 
3.5. Dielectric Constant, Refractive Index, and Acoustic Gas 

Thermometers 163 
3.5.1. Dielectric Constant Gas Thermometer 163 
3.5.2. Refractive Index Gas Thermometer 167 
3.5.3. Acoustic Thermometer 169 

3.6. Summary of Design Criteria for an Absolute CVGT 
in the Low-Temperature Range 173 

3.7. Summary of Differences and Simplifications in Design 
Criteria of an ICVGT 175 

3.8. Summary of the Measurements Procedures for an Absolute 
CVGT in the Low-Temperature Range 177 

3.9. Summary of Differences and Simplifications in Measurements 
Procedures for an ICVGT 178



Chapter 4 Vapor-Pressure Thermometry 179 

4.1. Influence of Physical Parameters 182 
4.1.1. Purity of the Substance 182 
4.1.2. Amount of Substance 189 

4.2. Influence of Technical Parameters 191 
4.2.1. Thermometer with Gauge for Pressure Measurement 

at Room Temperature 191 
4.2.2. Use of Sealed Cells for Vapor-Pressure Measurements 196 
4.2.3. Thermometer with Gauge for Pressure Measurement 

at Low Temperature 198 
4.2.4. Liquid-Vapor versus Solid-Vapor Equilibria  199 

4.3. Realization of Vapor-Pressure Temperature Scales 200 
4.3.1. Equations for Vapor Pressure 201 
4.3.2. Helium Vapor Pressure 204 

4.4. Summary of Design Criteria for Vapor-Pressure Thermometers 213 
4.5. Summary of Fabrication Techniques for Vapor-Pressure 

Thermometers 216 
4.6. Summary of Measurement Procedures with Vapor-Pressure 

Thermometers 217 

Chapter 5 Thermometry Based on the Melting Line of 3He 219 

5.1. The 3He Melting-Line Thermometer 221 
5.1.1. Melting-Line Experiment below Tmin 223 
5.1.2. Melting-Line Experiment above Tmin 224 
5.1.3. Pressure and Temperature Measurement 225 

Chapter 6 Cryostats for Thermometry and Gas-Based 

Temperature Control 227 

6.1. Cryostats . 227 
6.1.1. Refrigerator-Based Cryostats 227 
6.1.2. Liquid-Refrigerant Cryostats 230 

6.2. Temperature Control in Thermometry and Gas-Based 
Temperature Controls234 
6.2.1. Control of the Cryogen Bath Temperature 235 
6.2.2. Vapor Flow Technique 236 
6.2.3. Passive Thermostats 236 
6.2.4. Self-Regulated Passive Shields 236 
6.2.5. Gas-Filled Heat Switches 237 

6.3. Strategy for Cryostat Selection 241 

References to Part I 245 

Further Readings 261



Part II Pressure Measurements in the Range from 102 Pa to 108 Pa 

Introduction 265 

List of Symbols 267 

Chapter 7 Primary Standards for Pressure Measurements 273 

7.1. Liquid-Column Manometers for Pressure Measurements 280 
7.1.1. Operating Principles and General Precautions for Absolute 

Pressure Measurements below 0.3 MPa 281 
7.1.2. Basic Apparatus in Metrological Laboratories-Different 

Methods for Height Measurements 284 
7.1.3. Calculations Applicable with Mercury-Column Manometers. 

Pressure Measurement Uncertainty 295 
7.1.4. Liquid Columns for Different Applications 305 

7.2. Gas-Operated Piston Gauges 307 
7.2.1. Basic Description 308 
7.2.2. Absolute Pressure Measurements up to 5 MPa 313 
7.2.3. Gauge Pressure Measurements up to 100 MPa 324 
7.2.4. Uncertainty of Absolute and Gauge Pressure Measurements 334 
7.2.5. Differential Gas Pressure Measurements 336 
7.2.6. Results of Comparison Measurements in Gas Media 339 
7.2.7. Comparisons of Liquid-Column Manometers and 

Piston Gauges 344 
7.2.8. What Future for Primary Pressure Standards?  352 

7.3. Summary of Typical Uncertainty Levels for Liquid-Column 
Manometers and Piston Gauges 353 

Chapter 8 Pressure Transducers for Gaseous Media  357 

8.1. Transfer Standards for Absolute Pressure Measurements 
below 120 kPa 359 
8.1.1. Transfer Standards for Atmospheric Pressure Measurements 362 
8.1.2. Transfer Standards for Gas Pressure Measurements 

from 100 Pa to 10 kPa 368 
8.2. Transfer Standards for Pressure Measurements up to 100 MPa 370 
8.3. Transducers Used for Differential Pressure Measurements 

and as Null Detectors 377 
8.3.1. Differential Pressure Transducers for High Line Pressures 377 
8.3.2. Differential Pressure Transducers Used as Null Detectors 380 

8.4. Transducers for Pressure Measurements in Cryogenic Environments 383 
8.4.1. Strain-Gauge Pressure Transducers for Cryogenic Applications386 
8.4.2. Resonant- and Capacitance-Type Pressure Transducers 

for Cryogenic Applications 391 
8.5. Glossary: Terms used in the Metrological Characterization 

of a Pressure Transducer 395 
8.6. Typical Procedure for the Static Calibration of a Pressure 

Transducer in Gaseous Media 397



Chapter 9 Gas-Based Pressure Fixed Points 401 

9.1. The Pressure Scale from 102 Pa to 108 Pa Based on Fixed Points 403 
9.1.1. Triple Points 405 
9.1.2. Other Pressure Fixed Points 406 

9.2. Experiences in the Use of Fixed Points as Pressure Transfer Standards 407 
9.3. Summary of Possible Fixed Points to Be Used as Transfer 

Standards for Gas Pressure Measurements from 100 Pa 
to Approximately 100 MPa 411 

Chapter 10 The Thermomolecular Pressure Difference Effect 415 

10.1. The Calculation of the Thermomolecular Pressure Difference 416 
10.2. Experimental Measurements of the Thermomolecular Pressure 

Difference 423 
10.3. General Considerations on Experimental Measurements and 

Theoretical Calculations of the Thermomolecular Pressure Difference 429 

References to Part II 431 

Further Readings 44 

Appendix A The International Temperature Scale of 1990 443 

Appendix B List of Temperature and Pressure Fixed Points 457 

Appendix C Reference Data on Gases 461 

Appendix D Vapor Pressures 481 

Appendix E Reference Data for Liquid-Column Manometers 489 

Appendix F Reference Data for Piston Gauges495 

Index 503


