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PREFACE 

Der Teufel liegt im Detail 

 

 When I started low-temperature experimental work in graduate school and wanted to 

know ñhow to do it,ò I was struck by the abbreviated ñexperimental detail sectionò of most 

publications that simply stated the sample was mounted in the test apparatus, leads were 

attached, and the measurement made.  But try to ñsimplyò do that.  The details are everything.  

Somehow the vital bits of experimental know-how do not get into print, the specifics of how to 

do it yourself.  This book starts to answer some of the detailed questions about the design and 

construction of cryogenic probes in general, and superconductor measurements in particular.  

Simply put, these are the things I wish I had been told when I began.    

 This text is not about how to perform the vast array of cryogenic measurements; that is an 

extensive topic covered in many specialized references.  Rather, it is about design techniques 

common to most measurement cryostats;  the appendixes provide materials-property data for 

carrying out that design.   

The mantra for this book is that it be useful.  Topics include, for example, thermal 

techniques for designing a cryogenic apparatus that works (instead of one whose temperature is 

impossible to control), selecting appropriate materials (that do not thermally contract and rip the 

rig apart, or embrittle and snap), making high-quality electrical contacts to a superconductor (that 

avoid thermal runaway), and making a critical-current measurement that is believable (and does 

not vaporize your sample). 

 No one book can do it all; to really learn, we have to get into the lab and try it out.   A 

wise man once said that the only way to become an expert is to make all the mistakes; it is my 

hope that this book will shorten that learning curve.  In this spirit, I occasionally share a few of 

my own mistakes, because I think a lot can be learned from what does not work. 

 Audience:  The main text is written for specialists, but it also includes introductory 

material.  Thus, it would be useful for a wide range of experimentalists ðgraduate students, 

industry measurement engineers, materials scientists, and experienced  researchers.  In short, the 

book is intended for anyone interested in techniques for designing and operating effective low-

temperature (1 K to 300 K) measurement systems, with special emphasis on superconductor 

critical-current measurements.   

 Data-handbook: The extensive appendix is a data handbook for cryostat design and 

measurements.  It was written for specialists in the field of cryogenic measurements who want to 

save time by having much of the information for designing a new measurement probe collected 

in one place.  These tables have been compiled from information supplied by colleagues and 

from over fifty years of literature.  Appendix contents are listed on the inside back cover and 

include:     

¶  Electrical, thermal, magnetic, thermoelectric, expansion, specific heat, mechanical, and 

vacuum properties of cryostat materials  



 

From Experimental Techniques for Low Temperature Measurements by Jack W. Ekin, Oxford Univ. Press 2006, 2007, 2011 

 

- 5 - 

¶  Data on cryogenic liquids 

¶  Thermometer properties and standard calibration tables 

¶  Properties of construction parts and materials: pipes, tubing, bolts, wire, brazing compounds, 

solders, fluxes, and sticky stuff 

¶  Suppliers of hard-to-find parts and materials 

 Up front, I want to emphasize that this is not a review of the literature.  It is a 

compendium of information that I have freely edited and reduced to the bare bones.  On most 

subjects, I have also taken the license to express my opinion of what I like, along with the ideas 

of trusted associates.  When I start learning a new area, I do not want to know all the possibilities 

in great detail; rather, I would like a road map based on the subjective thoughts of someone who 

has been there, so I can get started.  On the other hand, I do want complete, easy-to-find reference 

tables and figures so I can return to other possibilities after I have had some experience.   The 

book has been written with this approach in mind.  So, for example, a comprehensive table of 

cryogenic thermometer properties is given in Appendix A5.2, but in the main text (Chapter 5) I 

recommend which thermometer I would typically use in practical situations.  This represents only 

my opinion, and no doubt others may have different ideas as to what is best.  But at least it is a 

place to start.  And the other possible choices are there, tabulated in the appendix for later 

reference. 

 Cryogenic measurements are basically a matter of:  (1) designing and building a 

measurement apparatus, (2) mounting samples,  and (3) making measurements and analyzing the 

data.  The three main parts to this book are organized along these simple guidelines.   

 I hope this step-by-step integrated approach, the examples, and the collection of appendix 

data on technical materials will take some of the devil out of the details. 

 

J.W.E. 

Sydney, Australia 

Boulder, Colorado 
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DISCLAIMER  

 

Trade names, products, and companies named here are cited only in the interest of 

scientific description, and do not constitute or imply endorsement by NIST or by the U. S. 

government.  Other products may be found to serve just as well. 
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CONTACT INFORMATION  
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sent to Dr. Jack Ekin at JackEkin@ResearchMeasurements.com.   

http://www.researchmeasurements.com/
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EXCERPT FROM INTRODU CTION :  ORGANIZATION OF B OOK  

 

 

1.  INTRODUCTION TO MEASUREMENT CRYOSTATS AND COOLING METHODS 

Everything should be made as simple as possible, but not simpler.  

                              ïALBERT EINSTEIN 

 

 

1.1  Introduction 

 No single multitask measurement apparatus exists that is adequate for many different 

types of measurements over a wide temperature range.  Once, I tried to design oneðit turned into 

a ñcamelò (a camel has been defined as a ñhorse put together by a committeeò).  Measurement 

cryostats can range anywhere from a simple stainless-steel tube (or even a wooden stick) for 

dipping a sample in liquid helium, to complex systems with multiple vacuum jackets, internal 

variable temperature control, and radiation windows.  In general, the simpler the cryostat to do 

the job, the better; however, always keep in mind that sometimes a little extra complexity makes 

a cryostat more flexible for a wider range of measurements.    

 The design and construction process for measurement apparatus is unlike that used for 

commercial manufacturing.  It would probably make most good production engineers shake their 

heads in disbelief. Measurement requirements change all the time and so the rigs, which evolve, 

are usually one-of-a-kind affairs.  There just is not enough time or return on investment to 

perform a full-fledged production-line engineering design.   So, a lot of it ends up being ñseat-of-

the-pantsò design.  In the true experimental spirit, we sometimes have to make an educated guess 

and simply try it out. Usually a lot of designs will work, and often it just does not matter which 

you use.  But it is essential to do some design, especially heat-transfer calculations.   ñéas 

simple as possible, but not simpler.ò  The process is a compromise.   (Generally, we physicists 

need to do more engineering than we usually do.  We waste too much time fixing stuff that could 

have been designed better in the first place.)  

Also, there is no substitute for selecting construction materials appropriate to the task.  

Once a rig is build, it is usually an onerous task to replace the main structural supports with a 

material having a lower susceptibility, better strength, or different thermal contraction 

coefficient.  So, some up-front thinking about material properties can preclude a lot of problems 

down the road.  The text includes an extensive appendix of tabulated heat-transfer data, 

materials-selection data, and construction information needed for cryostat design.  Iôve also made 
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some effort to supply the reference sources for each materialôs data, so you can go back to the 

sources for more information.  

 This book is about the design process and construction techniques that are common to 

most measurement apparatus, not an exhaustive handbook of highly specialized cryostat designs.  

That we learn mostly from others in our field of specialization and their instrumentation 

literature.  The emphasis is on those aspects of cryostat design and construction that are nearly 

universalðthe challenge of cooling samples and accurately controlling their temperature 

throughout the cryogenic range under a wide variety of current, magnetic-field, and mechanical 

conditions.  Additional reading on related subjects is given in the Further-reading section at the 

end of each chapter.      

1.1.1  Organization of the book 

 Contents of this book proceed from general to specific.  The first six chapters (Part I) 

present experimental techniques that apply generally to cryostat design and materials selection.  

The next two chapters (Part II) focus on mounting and making electrical connections to samples 

for transport measurements.  The last two chapters (Part III) narrow the focus still further and 

apply the information in the early chapters to one specific transport measurement, critical 

current, perhaps the most widely measured property of superconductors.     

Throughout this book, concepts are illustrated with figures directly in the chapters, 

backed up by detailed tables of data in the appendix. (The data tables are collected in the 

appendix for easy look-up later).  Appendixes 1 through 10 parallel Chapters 1 through 10 and 

represent the information I have always wanted assembled in one place when designing a new 

test rig.  In some sense, the appendixes represent a formalized lab wall; that is, an assemblage of 

material that in many cases I have literally taken off the walls of our laboratories, since they were 

hanging there for good reason (usually). 

Part I: Cryostat Design and Materials Selection 

  Chapter 1 is mainly an example chapter, presented at the beginning so you can picture 

where we are headed.  Here, we give an overview of useful types of measurement cryostats for 

the temperature range from 300 K to about 1 K.   We also introduce cooling options and the 

properties of the most common cryogenic liquids and their powerful cooling capability.        

 Chapters 2 through 5 focus on practical cryogenic techniques.  The order of presentation 

is that of the four steps I usually follow to design and build a measurement rig, or to attach a 

sample to the cold stage of a cryocooler.  First, heat-transfer calculation is the single most 

important factor in cryostat design (Chapter 2).  This is followed by materials selection and 

construction (Chapter 3), wiring (Chapter 4), and thermometer installation (Chapter 5).   

 Along the way, a few suggestions are included on how to make a cryostat work.  The 

ultimate success of a rig results more from attitude than technique; it reminds me of a saying on a 

sign in a factory where a friend worked, and I have never forgotten it:  ñCut to fit, bend to shape, 

paint to cover.ò  It simply implies that in the end you have to take time and be creative to ñmake 
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it work,ò to do all the adjusting, fitting, and retooling it takes to get good data.  It also means 

running reality checks to build confidence in the rigôs data, as amplified at the end of this section.   

 Chapter 6 and the accompanying appendix tables describe material properties at 

cryogenic temperatures.  Whereas Chapter 3 presents guidelines for choosing construction 

materials, Chapter 6 looks at the physics of material properties at low temperatures, giving 

detailed graphs of properties and tables of data (thermal, electrical,  magnetic, and mechanical 

handbook values).    

Part II: Electrical Transport Measurements ï Sample Holders and Contacts 

 Chapters 7 and 8 focus on transport measurements of both bulk and thin-film samples.  

These measurements are given special emphasis because of the challenge of sample mounting 

and connections when electrical current needs to be introduced into the test sample.  The details 

of sample holders and contacts are the Achilles heel of such measurements as Hall-coefficients, 

critical current, or thermo-electric coefficients.  Poor sample-holder design and contact 

techniques have led to more ñunusualò effects and scuttled more transport measurements than 

any other factor I know.   

Part III: Critical -Current Measurements and Data Analysis 

 Finally, in Chapters 9 and 10, we look specifically at superconductor critical-current 

measurements, which serve to illustrate in a practical way the application of Parts I and II.  

Although we focus in detail on the measurement of critical current, many of the topics in 

Chapters 9 and 10 have application to a wide variety of other cryogenic measurements.  This 

measurement provides a rich example of problem solving, including procedures for initial 

equipment checkout, troubleshooting, automatic data acquisition, reality checks, and detailed 

data analysis.   

 So, that is the organization of the bookðgeneral cryostat design and construction 

techniques in the first half, followed by a focus on transport measurements and critical-current 

testing in the second half.  The material within each chapter is also organized to proceed from 

general topics in the first part of each chapter to more specialized techniques in the last part.   

 In approaching this, or any other book, it is sometimes useful to skip less relevant 

subjects and look at the parts that best suit your specific requirements at the moment, noting the 

other material and coming back to read it in detail later when it is needed.  To guide you to 

pertinent sections of the text, I have included in this introductory chapter a checklist of questions 

intended (Sec. 1.3.1) to lead you quickly to information about your specific apparatus.  A detailed 

index and tables of contents for both the main text and appendixes are provided for quick 

navigation.  (The latter is located on the inside of the back cover.) 

1.1.2  The last step 

 Since it is usually not emphasized in textbooks, let me underscore at the outset the main 
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difference between a good measurement apparatus and anathema.  The last step in the cryostat 

design-and-construction process is running experimental reality checks on a new test rig.  No 

book and no one else can do that for us;  it is a matter of personal integrity.   

 Sometimes it is so tempting to rush to publish a new effect from a new rig, just to be first 

(but ignoring some flaw in the apparatus or measurement technique).  Too often, the ñnew effectò 

has to be dealt with, wastes everybodyôs time and money, and contributes to ñliterature 

pollution.ò  It is our responsibility to check the apparatus using (standard) test samples with 

known properties.  Any new apparatus should yield not only approximately the right results, but 

exactly the right results.  Itôs incumbent on us to trace down every little foible, jump in value, 

hysteresis, and so on, before it hurts us in a more difficult situation.  

 My experience is that theoreticians usually take published experimental data at face value 

and, given enough time and desire, they can find models to explain experimental artifacts.  We 

know our apparatus and experimental procedure like no one else.  So it pays to think about 

simple alternative explanations, especially for ñunusualò data.    

 A reputation is a fragile thing. The more unusual the results, the greater the caution 

needed.  As Carl Sagan often said, ñExtraordinary claims require extraordinary evidence.ò   

1.1.3  Extra items   

 Experimental tips:  From time to time, I have included a few specific suggestions that do 

not exactly fit the main flow of text, but are, nevertheless, helpful items appropriate to the subject 

matter. These are indented and flagged by a little pointer (Ą). 

 Two addenda are included at the end of Chapter 1:    

¶  Safety  (Sec. 1.6.1):  This list is a genuine sharing of a few cryogenic 

situations where we have gotten into trouble.  You might as well know up 

front what does not work.  ñThose who do not learn from history are doomed 

to repeat it.ò 

¶  Transferring cryogenic liquids  (Sec. 1.6.2):  This essential skill is nontrivial; 

it usually takes many mistakes to become proficient.  There is no substitute for 

having someone knowledgeable watch you as you initially learn, but these tips 

may shorten the learning curve.   

 Equations:  Where there are many equations, a box has been drawn around some of them 

to distinguish the more important relations and, especially in Chapter 10, to indicate sets of 

interconnected equations.   

 Definitions:  Often when starting in a new field, it is helpful to decode a few of the terms 

we throw around all too glibly.  A listing of common terms and ubiquitous acronyms is given in 

the first appendix (Appendix A1.1).   

 In this vein, let me mention that I have used the word ñcryostatò throughout this book to 

describe the apparatus or insert that holds samples for measurements.  More generally, the term 
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cryostat can also refer to the insert plus the vacuum-insulated container, or ñdewar,ò that holds 

cryogenic liquids.  However, dewars are not the focus of the book, because efficient, well 

designed dewars are available commercially.  Other more colloquial terms I have used to 

describe the measurement cryostat are:  ñprobe, rig, jig, ...ò.  
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APPENDIXES 

 

DATA HANDBOOK OF MAT ERIAL PROPERTIES AND  CRYOSTAT DESIGN 

 

 

 The following tables provide handbook data for cryostat design and measurements.  In 

many cases the tables serve as a ready collection of general design information for quick 

reference, including SI conversion factors sorted by function, cooling power data, suppliers of 

specialty parts, heat conduction down stainless-steel tubing, strengths of bolts, metric 

equivalents, vacuum-design data, wire properties, magnetic-correction factors for thermometers, 

and so on.  In other cases, the tables provide a convenient aid in material selection, presenting, at 

a glance, a condensed overview of the temperature dependence of the properties of many 

materials (sorted by type of material and property).  Once a material is selected, more detailed 

information can then be obtained for that particular material by referring to the extensive 

references accompanying each table or to the Internet data sources given in Sec. 6.7.2.  

 The appendix tables are divided into categories corresponding to each chapter, starting 

with general information and properties of cryogenic fluids, continuing with heat transfer, 

construction, wiring, thermometers, properties of solids, sample holders, contacts, and ending 

with information useful for critical-current analysis.  The text sections indicated in parentheses 

with each appendix table contain specific information on the application and interpretation of the 

data in that table.  
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A1. General information and cryogen properties (ref. Chapter 1) 

A1.1  Term-abbreviation-acronym decoder 

 When starting in a new field, the jargon can sometimes be daunting.  The following is 

only an brief introductory list, given in rractical terms, but it may be useful to help clarify a few 

of the more commonly used terms, abbreviations, and acronyms.    

 An accessible multilingual website containing introductory information on polymers and 

their designations is  http://www.pslc.ws/macrog/index.htm.  

 Default nomenclature:  Alloy compositions in this book are given in weight percent (for 

example: 2wt%Al or 2%Al) unless specifically indicated as atomic percent (e.g., 2at%Al). 

 

AISI:  American Iron and Steel Institute, a designation system for steel alloys (Appendix A6.9) 

Alumel: A high electrical-resistivity nickel alloy used for thermocouples consisting of Niï2%Alï

2%Mnï1%Si. 

ASTM:  Formerly known as the American Society for Testing and Materials, ASTM 

International provides a global forum for consensus standards for materials, products, 

systems, and services. 

AWG: American Wire Gauge, a designation system for wire size.  Appendix A4.1a lists physical 

information by AWG wire size.  Corresponding metric wire sizes are given in Appendix 

A4.1b. 

Bi-2212: A common abbreviation for the high-Tc superconductor material Bi2Sr2CaCu2O8+d 

(where, typically, d << 1). The name is derived from the subscripts of the first four 

elements in the compound formula.  This superconductor is also sometimes referred to as 

BSCCO (pronounced ñbiscoò). (Tc å 90 K) 

Bi-2223: A common abbreviation for the high-Tc superconductor (Bi,Pb)2Sr2Ca2Cu3O10ïd; also 

sometimes referred to as BSCCO.  (Tc å 110 K) 

Chromel: A high electrical-resistivity nickel alloy commonly used for resistive wiring and 

thermocouples, consisting of Niï10%Ni. 

Constantan: Another high electrical-resistivity alloy commonly used for resistive wiring and 

thermocouples, consisting of Cuï45%Ni. 

Critical current Ic:  The maximum amount of current that can be carried by a superconductor 

before it starts to become resistive.  Good commercial superconductors can carry over 

1000 A/mm
2
 in the presence of a 12 T magnetic field applied perpendicular to the wire. 

Critical magnetic field:  There are several definitions of critical magnetic field, described in Sec. 

10.3.1.  Generally, the so-called upper critical field Hc2 is the practical quantityfor low-Tc 

superconductors, corresponding to the magnetic field above which all superconductivity 

is suppressed.  Hc2 values at 0 K for low-Tc materials range up to about 30 T, and for 

high-Tc materials to over 100 T.  Typical values are tabulated for practical 

superconductors in Appendix A6.6 and plotted vs. temperature in Fig. 10.15.  The so-
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called irreversibility or depinning field Hirr is the practical quantity for high-Tc 

superconductors, plotted vs. temperature in Fig. 10.16. 

Critical temperature Tc:  The temperature below which a superconductor must be cooled before it 

becomes superconducting.  Typical values for practical low-Tc materials range from about 

10 K to 40 K;  for high-Tc materials, from about 90 K to 130 K.  Values are tabulated for 

the most common superconductors in Appendix A6.6. 

Cryocooler:  A cryogenic refrigerator. 

Cryogen:  Another name for a cryogenic liquid, such as liquid helium (Tboil = 4.2 K), liquid neon 

(Tboil = 27 K), or liquid nitrogen (Tboil = 77 K).  The physical properties of common 

cryogens are given in Appendix A1.5. 

CTFE:  Polychlorotrifluoroethylene, a type of TeflonÓ.  

ELI Tiï6Alï4V:  Extra Low Interstitial form of Tiï6Alï4V.  The mechanical properties of 

titanium strongly depend on interstitial elements (especially oxygen, nitrogen, and 

carbon), which affect particularly the fracture toughness.  ELI grade is a purer form of 

titanium with a greater fracture toughness.  

Ethylene glycol dimethyl terepthalate:  MylarÓ  

ETP copper: Electrolytic-Tough-Pitch copper [designated by the Unified Numbering System 

(UNS) as C10300].  This is the copper commonly used to make ordinary copper wire. 

Eutectic mixture:  The alloy composition with the lowest melting-temperature; eutectic 

compositions are particularly useful as solder materials.   

FEP:  Fluorinated ethylene propylene, a type of TeflonÓ 

G-10, G-11: Designations for fiberglass-epoxy composites (commonly used as commercial 

electronic circuit boards) made from layers of fiberglass cloth filled with epoxy. 

Hastelloy C:  A corrosion-resistant nickel alloy consisting of 54%Niï17%Moï15%Crï5%Feï

4%W. 

HTS:  High-Tc (high-critical-temperature) superconductors.  Copper-oxide materials having 

critical temperatures ranging to over 100 K.  Also referred to as oxide superconductors or 

ceramic superconductors. Examples are: YBa2Cu3O7ïx (Tc = 92 K), Bi2Sr2CaCu2O8+x (Tc 

= 85 K), (Bi,Pb)2Sr2Ca2Cu3O10ïx (Tc = 110 K), (Tl,Pb)1(Ba,Sr)2Ca2Cu3O10+x (Tc = 115 K), 

and HgBa2Ca2Cu3O8+x (Tc = 135 K). 

ISO:  International Standards Organization. 

ITS-90:  The International Temperature Scale of 1990. 

KF flange:  Klein Flange, meaning ñsmall flange;ò a flexible O-ring vacuum coupling. 

LTS:  Low-Tc (low-critical-temperature) superconductors.  These materials (usually with 

niobium as the core element) have critical temperatures up to about 40 K and are based 

on a phonon-coupling mechanism between superconducting pairs of electrons. Common 

examples are: NbïTi  (Tc = 9.5 K), Nb3Al (Tc = 15 K), NbïN (Tc = 16 K), Nb3Sn (Tc = 18 

K), Nb3Ge (Tc = 23 K), and MgB2 (Tc = 39 K).  

Lambda point:  The temperature (2.177 K) where normal 
4
He (also designated as He I) 
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transforms into superfluid helium 
4
He (also designated as He II); see Sec. 1.2.2. 

Manganin:  An alloy commonly used for cryostat wiring and heaters in nonmagnetic applications, 

consisting of Cuï13%Mnï4%Ni. 

Martensitic phase transformation:  A change in the atomic structure of a metal to a new 

crystalline phase that is usually harder and more brittle.  In stainless steels commonly 

used in cryogenic apparatus, such as AISI 304, 310, and 316, the martensitic phase 

transformation is precipitated by cooling to low temperatures or by applied stress (Sec. 

6.6.5).  The martensitic phase of the metal has a lower fracture toughness and is usually 

ferromagnetic.  

Monel:  A high-strength, corrosion-resistant, nickel alloy consisting of Niï30%Cu. 

n value:  An index of the nonlinearity or sharpness of the voltageïcurrent (VïI) curve near the 

critical current of a superconductor.  It is defined by the relation V = c I
 n
 (Sec. 10.1.3).  

Good superconductors have n values above 20 to 30. 

Nichrome:  A highly resistive alloy commonly used for heater wiring, consisting of Niï20%Cr. 

OFHCÓ copper:  A type of oxygen-free copper [designated by the Unified Numbering System 

(UNS) as C10200; a higher-purity type is designated as C10100].  

PCTFE:  Polychlorotrifluoroethylene. 

PET:   Polyethylene terephthalate, MylarÓ. 

Phosphor bronze: An alloy commonly used for cryostat and thermometer instrumentation wiring 

composed of Cuï5%Snï0.2%P (Grade A). 

PMMA:  Polymethyl methacrylate, PlexiglasÓ.  

Polyamide:  NylonÓ.  

Polyimide:  KaptonÓ. 

Phonon:  A wave-like displacement of the atoms from their equilibrium positions in a solid, 

usually thermally generated. 

Poissonôs ratio:  A term used in mechanics (Secs. 3.5.3 and 3.5.4) that is the (negative of the) 

ratio of the lateral strain to longitudinal strain when a beam is uniformly and elastically 

stressed along the longitudinal axis. (It simply expresses the fact that the beam becomes 

narrower as it is stretched, to approximately conserve its volume.)  The Poissonôs ratio of 

metals is typically about 1/3, with values ranging from 0.28 to 0.42 for most materials.  

PTFE:  Polytetrafluoroethylene, a type of TeflonÓ.  

Quench:  A colloquial term for a thermal runaway event; see Thermal runaway. 

SI:  The international system of units (Système International d'Unités). 

SQUID:  Superconducting Quantum Interference Device.  A very sensitive magnetometer able to 

detect magnetic flux as small as a fraction of magnetic flux quantum F0 (= 2.0678 ³ 10
ï15

 

Wb). 

TFE:  Tetrafluoroethylene, TeflonÓ.  

Thermal runaway (quench):  A process wherein a small part of a superconductor carrying very 

high current densities is momentarily heated into the resistive state (by sample movement, 



 

From Experimental Techniques for Low Temperature Measurements by Jack W. Ekin, Oxford Univ. Press 2006, 2007, 2011 

 

- 17 - 

friction, or some other disturbance).  The resulting electrical (Joule) heating in this 

portion of the superconductor then heats additional surrounding superconductor material 

into the resistive state, resulting in a thermal-runaway process with an ever-growing 

resistive zone and rapidly increasing Joule heating.  When measuring the critical current 

of a superconducting strand, the Joule heating typically locally melts the superconductor 

unless the current is shut off quickly (in less than a second).  More information is given in 

Sec. 7.5.1. 

Type I superconductors:  Superconducting materials where magnetic field uniformly penetrates 

the material, suppressing superconductivity at relatively low magnetic fields (typically 

much less than 1 T).  This is the original type of superconductivity discovered in 1911 by 

Onnes.  It was not until nearly fifty years later that practical (high-field) Type II 

superconductivity was discovered. 

Type II superconductors:  Superconductors wherein magnetic field is localized by circulating 

supercurrents, confining the field to small regions (vortices) and thereby leaving most of 

the superconductor free of magnetic field; see Fig. 10.7.  This second type of 

superconductivity, which was discovered half a century after Type I superconductors, 

allows superconductivity to persist to much higher magnetic fields and comprises the 

practical superconducting materials from which most of todayôs applications are 

fabricated.  Paradoxically, Type II superconductors have a much lower electrical 

conductivity in the normal (nonsuperconducting) state than that of Type I 

superconductors (which are typically pure metallic elements).   

YBCO:  The term commonly used for the high-Tc material YBa2Cu3O7ïd (Tc å 92 K), also 

sometimes referred to as simply 123 because of the subscripts of the first three elements 

in the compound. 
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A1.2   Fundamental constants   

 

Fundamental Physical Constants
 a 

 

Quantity    Symbol   Value 

 

Avogadro constant       NA          6.022 141 99 ³ 10
23

 mol
ï1

 

Boltzmann constant       kB = R/NA         1.380 650 3 ³ 10
ï23

 JĀK
ï1

 

electric constant        e0 = 1/µ0c
2
         8.854 187 817 ³ 10

ï12
 FĀm

ï1 

electron volt        eV           1.602 176 463  ³ 10
ï19

 J 

elementary charge       e          1.602 176 463 ³ 10
ï19

 C 

Lorenz constant (Sec. 6.4.2)      LN = (p
2
/3) (kB/e)

2
         2.443 ³ 10

ï8
 V

2
ĀK
ï2

 

magnetic flux quantum      F0 = h/2e         2.067 833 637 ³ 10
ï15

 Wb 

molar gas constant       R          8.314 472 JĀmol
ï1
ĀK
ï1

  

         = 8.314 472 PaĀm
3
Āmol

ï1
ĀK
ï1

 

magnetic constant       µ0          4ˊ ³ 10
ï7

 = 1.2566 ³ 10
ï6

 NĀA
ï2 

        = 1.2566 ÕVĀsĀA
ï1
Ām
ï1

 

        = 1.2566 ÕWbĀA
ï1
Ām
ï1

 

        = 1.2566 ÕHĀm
ï1

 

Newtonian constant of gravitation     G          6.673 ³ 10
ï11

  m
3
Ākg
ï1
Ās
ï2

 

Planckôs constant       h          6.626 068 76 ³ 10
ï34

 JĀs 

speed of light in vacuum      c          2.997 924 58 ³ 10
8
 mĀs

ï1
 

StefanïBoltzmann constant (Sec. 2.4)    s = (ˊ
2
/60)kB

4
/(h/2ˊ)

3
c

2  
 5.670 400 ³ 10

ï8
 WĀm

ï2
ĀK
ï4 

______________ 

a
 From CRC Handbook of Chemistry and Physics (2002), 83

rd
 edition, CRC Press LLC, Boca Raton, Florida. 

 

 

 

 

 

Useful approximate equivalents: 

Pressure:  1 atm (¹ 760 torr)  Ą  ~10
5
 Pa 

Temperature:  11 000 K  Ą  ~1 eV 

Wavelength:  12 000 Ȕ  Ą  ~1 eV 
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A1.3   SI conversion factors
 
 

SI: Système International d'Unités (International System of Units) 

To convert from  to  multiply by 

 

ACCELERATION 

ft/s
2
 ...............................................  meter per second

2 
(m/s

2
) ..............   3.048 000 Eï01 

free fall, standard .........................  meter per second
2 
(m/s

2
) ..............   9.806 650 E+00 

in/s
2
 ..............................................  meter per second

2
 (m/s

2
) ..............   2.540 000 Eï02 

AREA 

acre ..............................................  meter
2
 (m

2
) .................................. .  4.046 873 E+03 

barn ............................................. . meter
2
 (m

2
) .................................. .  1.000 000 Eï28 

circular mil ...................................  meter
2
 (m

2
) ...................................   5.067 075 Eï10 

ft
2
 .................................................  meter

2
 (m

2
) ...................................   9.290 304 Eï02 

in
2
 .................................................  meter

2
 (m

2
) ...................................   6.451 600 Eï04 

mi
2
 (U.S. statute mile) ..................  meter

2
 (m

2
) ...................................   2.589 988 E+06 

section ..........................................  meter
2
 (m

2
) ...................................   2.589 988 E+06 

township .......................................  meter
2
 (m

2
) ...................................   9.323 957 E+07 

yd
2
 ................................................  meter

2
 (m

2
) ...................................   8.361 274 Eï01 

BENDING MOMENT OR TORQUE 

dyneĀcentimeter ............................  newtonĀmeter (NÖm) .....................   1.000 000 Eï07 

kgfĀm ............................................  newtonĀmeter (NÖm) .....................   9.806 650 E+00 

ozfĀin ............................................  newtonĀmeter (NÖm) .....................   7.061 552 Eï03 

lbfĀin.............................................  newtonĀmeter (NÖm) .....................   1.129 848 Eï01 

lbfĀft .............................................  newtonĀmeter (NÖm) .....................   1.355 818 E+00 

CAPACITY (see VOLUME) 

DENSITY (see MASS PER UNIT VOLUME) 

ELECTRICITY AND MAGNETISM
 a
 

ampere hour .................................  coulomb (C) .................................   3.600 000 E+01 

EMU of capacitance ....................  farad (F) .......................................   1.000 000 E+09 

EMU of current ............................  ampere (A) ...................................   1.000 000 E+01 

EMU of electric potential ............  volt (V) ........................................   1.000 000 Eï08 

EMU of inductance ......................  henry (H)......................................   1.000 000 Eï09 

EMU of resistance .......................  ohm (W) .......................................   1.000 000 Eï09 

ESU of capacitance ......................  farad (F) .......................................   1.112 650 Eï12 

ESU of current .............................  ampere (A) ...................................   3.335 6     Eï10 

ESU of electric potential ..............  volt (V) ........................................   2.997 9     E+02 

                                                 
a
 ESU means electrostatic cgs unit.  EMU means electromagnetic cgs unit. 
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To convert from  to  multiply by 

 

ESU of inductance .......................  henry (H)......................................   8.987 554 E+11 

ESU of resistance .........................  ohm (W) .......................................   8.987 554 E+11 

gauss ............................................  tesla (T) ........................................   1.000 000 Eï04 

gilbert ...........................................  ampere (A) ...................................   7.957 747 Eï01 

maxwell........................................  weber (Wb) ..................................   1.000 000 Eï08 

oersted .........................................  ampere per meter (A/m) ...............   7.957 747 E+01 

ENERGY (includes WORK) 

British thermal unit (thermochemical) joule (J) ........................................   1.054 350 E+03 

calorie (thermochemical) .............  joule (J) ........................................   4.184 000 E+00 

electron volt .................................  joule (J) ........................................   1.602 176 Eï19 

erg ................................................  joule (J) ........................................   1.000 000 Eï07 

ftĀlbf .............................................  joule (J) ........................................   1.355 818 E+00 

kilocalorie (thermochemical) .......  joule (J) ........................................   4.184 000 E+03 

kWĀh ............................................  joule (J) ........................................   3.600 000 E+06 

WĀh ..............................................  joule (J) ........................................   3.600 000 E+03 

WĀs ...............................................  joule (J) ........................................   1.000 000 E+00 

FLOW (see MASS PER UNIT TIME or VOLUME PER UNIT TIME) 

FORCE 

dyne .............................................  newton (N) ...................................   1.000 000 Eï05 

kilogram-force (kgf) ....................  newton (N) ...................................   9.806 650 E+00 

kilopond-force .............................  newton (N) ...................................   9.806 650 E+00 

kip (1000 lbf) ...............................  newton (N) ...................................   4.448 222 E+03 

ounce-force (avoirdupois) ............  newton (N) ...................................   2.780 139 Eï01 

pound-force (lbf) ..........................  newton (N) ...................................   4.448 222 E+00 

poundal ........................................  newton (N) ...................................   1.382 550 Eï01 

FORCE PER UNIT AREA (see Pressure) 

FORCE PER UNIT LENGTH 

lbf/in ............................................  newton per meter (N/m) ...............   1.751 268 E+02 

lbf/ft  .............................................  newton per meter (N/m) ...............   1.459 390 E+01 

HEAT 

Btu (thermochemical)Öin/sÖft
2
ȪF   

    (k, thermal conductivity) ..........  watt per meter kelvin (W/mÖK) ....   5.188 732 E+02 

Btu (thermochemical)Öin/hÖft
2
ȪF   

    (k, thermal conductivity) ..........  watt per meter kelvin (W/mÖK) ....   1.441 314 Eï01 

Btu (thermochemical)/ft
2
 ............. 

 
joule per meter

2 
(J/m

2 
) .................   1.134 893 E+04 

Btu (thermochemical)/hĀft
2
Ā̄F    

    (C, thermal conductance) .........  watt per meter
2
 kelvin (W/m

2
ÖK)  5.674 466 E+00 

Btu (thermochemical)/lb ..............  joule per kilogram (J/kg) .............   2.324 444 E+03 

Btu (thermochemical)/lbĀF̄    

    (c, specific capacity) ................  joule per kilogram kelvin (J/kgÖK)  4.184 000 E+03 
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To convert from  to  multiply by 

 

Btu (thermochemical)/sĀft
2
Ā̄F watt per meter

2
 kelvin (W/m

2
ÖK)  2.042 808 E+04 

cal (thermochemical)/cm
2 
............  joule per meter

2  
(J/m

2
) .................   4.184 000 E+04 

cal (thermochemical)/cm
2
Ās ..........  watt per meter

2
 (W/m

2 
) ...............   4.184 000 E+04 

cal (thermochemical)/cmĀsĀC̄ ......  watt per meter kelvin (W/mÖK) ....   4.184 000 E+02 

cal (thermochemical)/g ................  joule per kilogram (J/kg) .............   4.184 000 E+03 

cal (thermochemical)/gȪC.é. joule per kilogram kelvin (J/kgÖK)  4.184 000 E+03 

F̄ÖhÖft
2
/Btu (thermochemical)    

    (R, thermal resistance ) ............  Kelvin meter
2
 per watt (KÖm

2 
/W)   1.761 102 Eï01 

ft
2
/h (thermal diffusivity) .............  meter

2
 per second (m

2
/s) ..............   2.580 640 Eï05 

LENGTH 

angstrom ......................................  meter (m) .....................................   1.000 000 Eï10 

astronomical unit .........................  meter (m) .....................................   1.495 98   E+11 

fermi (femtometer) .......................  meter (m) .....................................   1.000 000 Eï15 

foot (ft).........................................  meter (m) .....................................   3.048 000 Eï01 

inch  (in) ......................................  meter (m) .....................................   2.540 000 Eï02 

light year ......................................  meter (m) .....................................   9.460 528 E+15 

micron ..........................................  meter (m) .....................................   1.000 000 Eï06 

mil ................................................  meter (m) .....................................   2.540 000 Eï05 
mile (U.S. statute) ........................  meter (m) .....................................   1.609 347 E+03 

pica (printerôs) .............................  meter (m) .....................................   4.217 518 Eï03 

point (printerôs) ............................  meter (m) .....................................   3.514 598 Eï04 

rod ................................................  meter (m) .....................................   5.029 210 E+00 

yard (yd) ......................................  meter (m) .....................................   9.144 000 Eï01 

LIGHT 

footcandle ....................................  lumen per meter
2
 (lm/m

2
) .............   1.076 391 E+01  

footcandle ....................................  lux (lx) .........................................   1.076 391 E+01 

MASS 

grain .............................................  kilogram (kg) ...............................   6.479 891 Eï05 

gram .............................................  kilogram (kg) ...............................   1.000 000 Eï03 

hundredweight (long) ...................  kilogram (kg) ...............................   5.080 235 E+01 

hundredweight (short) ..................  kilogram (kg) ...............................   4.535 924 E+01 

ounce (avoirdupois) .....................  kilogram (kg) ...............................   2.834 952 Eï02 

pound (lb) (avoirdupois) ..............  kilogram (kg) ...............................   4.535 924 Eï01 

slug ..............................................  kilogram (kg) ...............................   1.459 390 E+01 

ton (assay) ....................................  kilogram (kg) ...............................   2.916 667 Eï02 

ton (long, 2240 lb) .......................  kilogram (kg) ...............................   1.016 047 E+03 

ton (metric) ..................................  kilogram (kg) ...............................   1.000 000 E+03 

ton (short, 2000 lb) ......................  kilogram (kg) ...............................   9.071 847 E+02 

MASS PER UNIT VOLUME (includes DENSITY and MASS CAPACITY) 

g/cm
3
 ............................................  kilogram per meter

3
 (kg/m

3
) éé  1.000 000 E+03 

oz (avoirdupois)/gal (U.K. liquid) kilogram per meter
3
 (kg/m

3
) éé  6.236 027 E+00 

oz (avoirdupois)/gal (U.S. liquid) kilogram per meter
3
 (kg/m

3
) éé  7.489 152 E+00 

oz (avoirdupois)/in
3
 .....................  kilogram per meter

3
 (kg/m

3
) éé  1.729 994 E+03 

lb/ft
3
 .............................................  kilogram per meter

3
 (kg/m

3
) éé  1.601 846 E+01 
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To convert from  to  multiply by 

 

lb/in
3
 ............................................  kilogram per meter

3
 (kg/m

3
) ........   2.767 990 E+04 

lb/gal
 
(U.K. liquid) .......................  kilogram per meter

3
 (kg/m

3
) ........   9.977 644 E+01. 

lb/gal
 
(U.S. liquid) .......................  kilogram per meter

3
 (kg/m

3
) ........   1.198 264 E+02 

ton(long, mass)/yd
3
 ......................  kilogram per meter

3 
(kg/m

3
) .........   1.328 939 E+03 

POWER 

Btu (thermochemical)/s ................  watt (W) .......................................   1.054 350 E+03 

Btu (thermochemical)/min ...........  watt (W) .......................................   1.757 250 E+01 

Btu (thermochemical)/h ...............  watt (W) .......................................   2.928 751 Eï01 

cal (thermochemical)/s .................  watt (W) .......................................   4.184 000 E+00 

cal (thermochemical)/min ............  watt (W) .......................................   6.973 333 Eï02 

erg/s .............................................  watt (W) .......................................   1.000 000 Eï07 

ftĀlbf/h ..........................................  watt (W) .......................................   3.766 161 Eï04 

ftĀlbf/min ......................................  watt (W) .......................................   2.259 697 Eï02 

ftĀlbf/s ...........................................  watt (W) .......................................   1.355 818 E+00 

horsepower (550 ftĀlbf/s) .............  watt (W) .......................................   7.456 999 E+02 

kilocalorie (thermochemical)/min  watt (W) .......................................   6.973 333 E+01 

kilocalorie (thermochemical)/s ....   watt (W) .......................................   4.184 000 E+03 

PRESSURE OR STRESS (FORCE PER UNIT AREA) 

atmosphere (normal = 760 torr) ...  pascal (Pa) ...................................   1.013 25   E+05 

atmosphere (technical = 1 kgf/cm
2
 pascal (Pa) ...................................   9.806 650 E+04 

bar ................................................  pascal (Pa) ...................................   1.000 000 E+05 

centimeter of mercury (0 ̄ C) .......  pascal (Pa) ...................................   1.333 22   E+03 

centimeter of water (4 ̄C) ...........  pascal (Pa) ...................................   9.806 65   E+01 

dyne/cm
2
 ......................................  pascal (Pa) ...................................   1.000 000 Eï01 

foot of water (39.2 ̄F) .................  pascal (Pa) ...................................   2.989 070 E+03 

gram-force/cm
2
  ...........................  pascal (Pa) ...................................   9.806 650 E+01 

inch of mercury (32 ̄ F) ...............  pascal (Pa) ...................................   3.386 389 E+03 

inch of mercury (60 ̄F) ...............  pascal (Pa) ...................................   3.376 85   E+03 

inch of water (39.2 ̄F) .................  pascal (Pa .....................................   2.490 82   E+02 

inch of water (60 ̄F) ....................  pascal (Pa) ...................................   2.488 4     E+02 

kgf/cm
2
 .........................................  pascal (Pa) ...................................   9.806 650 E+04 

kgf/m
2
 ..........................................  pascal (Pa) ...................................   9.806 650 E+00 

kgf/mm
2
 ...................................... . pascal (Pa) ...................................   9.806 650 E+06 

kip/in
2
 (ksi) ..................................  pascal (Pa) ...................................   6.894 757 E+06 

millibar ........................................  pascal (Pa) ...................................   1.000 000 E+02 

millimeter of mercury (0 ̄C) .......  pascal (Pa) ...................................   1.333 224 E+02 

poundal/foot
2
 ...............................  pascal (Pa) ...................................   1.488 164 E+00 

lbf/ft
2
 ............................................  pascal (Pa) ...................................   4.788 026 E+01 

lbf/in
2
 (psi) ...................................  pascal (Pa) ...................................   6.894 757 E+03 

psi ................................................  pascal (Pa) ...................................   6.894 757 E+03 

torr (mm Hg, 0 ̄C).......................  pascal (Pa) ...................................   1.333 22   E+02 

SPEED (see VELOCITY) 

STRESS (see PRESSURE) 

TEMPERATURE 

degree Celsius (
o
C) ......................  kelvin (K) .....................................   tK = tC + 273.15 



 

From Experimental Techniques for Low Temperature Measurements by Jack W. Ekin, Oxford Univ. Press 2006, 2007, 2011 

 

- 23 - 

To convert from  to  multiply by 

 

degree Fahrenheit (
o
F) .................  kelvin (K) .....................................   tK = (tF + 459.67)/1.8 

degree Rankine ............................  kelvin (K) .....................................   tK = tR/1.8 

degree Fahrenheit  (
o
F) ................  degree Celsius (̄C) ......................   tC = (tF ï 32)/1.8 

kelvin (K) .....................................  degree Celsius (̄C) ......................   tC = tK ï 273.15 

TIME 

day (mean solar) ..........................  second (s) .....................................   8.640 000  E+04 

day (sidereal) ...............................  second (s) .....................................   8.616 409  E+04 

hour (mean solar) .........................  second (s) .....................................   3.600 000  E+03 

minute (mean solar) .....................  second (s) .....................................   6.000 000  E+01 

year (calendar) .............................  second (s) .....................................   3.153 600  E+07 

TORQUE (see BENDING MOMENT) 

VELOCITY (includes SPEED) 

ft/h................................................  meter per second (m/s) .................   8.466 667 Eï05 

ft/min ...........................................  meter per second (m/s) .................   5.080 000 Eï03 

ft/s ................................................  meter per second (m/s) .................   3.048 000 Eï01 

in/s ...............................................  meter per second (m/s) .................   2.540 000 Eï02 

km/h .............................................  meter per second (m/s) .................   2.777 778 Eï01 

knot (international) ......................  meter per second (m/s) .................   5.144 444 Eï01 

mi/h (U.S. statute) ........................  meter per second (m/s) .................   4.470 400 Eï01 

mi/min (U.S. statute) ....................  meter per second (m/s) .................   2.682 240 E+01 

mi/s (U.S. statute) ........................  meter per second (m/s) .................   1.609 344 E+03 

mi/h (U.S. statute) ........................  km/h .............................................   1.609 344 E+00 

VISCOSITY 

centipoise .....................................  pascal-second (PaĀs) .....................   1.000 000 Eï03 

centistokes ...................................  meter
2
 per second (m

2
/s) ..............   1.000 000 Eï06 

ft
2
/s ...............................................  meter

2
 per second (m

2
/s) ..............   9.290 304 Eï02 

poise .............................................  pascal-second (PaĀs) .....................   1.000 000 Eï01 

poundalĀs/ft
2
 .................................  pascal-second (PaĀs) .....................   1.488 164 E+00 

lb/ftĀs ............................................  pascal-second (PaĀs) .....................   1.488 164 E+00 

lbfĀs/ft
2
 .........................................  pascal-second (PaĀs) .....................   4.788 026 E+01 

slug/ftĀs ........................................  pascal-second (PaĀs) .....................   4.788 026 E+01 

stoke .............................................  meter
2
 per second (m

2
/s) ..............   1.000 000 Eï04 

VOLUME (includes CAPACITY) 

acre-foot .......................................  meter
3 
(m

3
) ...................................   1.233 489 E+03 

barrel (oil, 42 gal) ........................  meter
3 
(m

3
) ...................................   1.589 873 Eï01 

board foot ....................................  meter
3 
(m

3
) ...................................   2.359 737 Eï03 

bushel (U.S.) ................................  meter
3 
(m

3
) ...................................   3.523 907 Eï02 

cup ...............................................  meter
3 
(m

3
) ...................................   2.365 882 Eï04 

fluid ounce (U.S.) ........................  meter
3 
(m

3
) ...................................   2.957 353 Eï05 

foot
3
 .............................................  meter

3 
(m

3
) ...................................   2.831 685 Eï02 

gallon (Canadian liquid) ..............  meter
3 
(m

3
) ...................................   4.546 090 Eï03 

gallon (U.K. liquid) .....................  meter
3 
(m

3
) ...................................   4.546 092 Eï03 

gallon (U.S. dry) ..........................  meter
3 
(m

3
) ...................................   4.404 884 Eï03 
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To convert from  to  multiply by 

 

gallon (U.S. liquid) ......................  meter
3 
(m

3
) ...................................   3.785 412 Eï03 

inch
3
 .............................................  meter

3 
(m

3
) ...................................   1.638 706 Eï05 

liter ...............................................  meter
3 
(m

3
) ...................................   1.000 000 Eï03 

ounce (U.K. fluid) ........................  meter
3 
(m

3
) ...................................   2.841 307 Eï05 

ounce (U.S. fluid) ........................  meter
3 
(m

3
) ...................................   2.957 353 Eï05 

peck (U.S.) ...................................  meter
3 
(m

3
) ...................................   8.809 768 Eï03 

pint (U.S. liquid) ..........................  meter
3 
(m

3
) ...................................   4.731 765 Eï05 

quart (U.S. liquid) ........................  meter
3 
(m

3
) ...................................   9.463 529 Eï04 

tablespoon ....................................  meter
3 
(m

3
) ...................................   1.479 000 Eï05 

teaspoon .......................................  meter
3 
(m

3
) ...................................   4.929 000 Eï06 

ton (register) ................................  meter
3 
(m

3
) ...................................   2.831 685 E+00 

yard
3
 .............................................  meter

3 
(m

3
) ...................................   7.645 549 Eï01 

VOLUME PER UNIT TIME (includes FLOW) 

ft
3
/min ..........................................  meter

3
 per second (m

3
/s) ..............   4.719 474 Eï04 

ft
3
/s ...............................................  meter

3
 per second (m

3
/s) ..............   2.831 685 Eï02 

in
3
/min .........................................  meter

3
 per second (m

3
/s) ..............   2.731 177 Eï07 

yd
3
/min .........................................  meter

3
 per second (m

3
/s) ..............   1.274 258 Eï02 

gal (U.S. liquid)/day ....................  meter
3
 per second (m

3
/s) ..............   4.381 264 Eï08 

gal (U.S. liquid)/min ....................  meter
3
 per second (m

3
/s) ..............   6.309 020 Eï05 

WORK (see ENERGY) 

_____________ 

 

Source: Selected excerpts from Metric Practice Guide, Designation: E 380 ï 74 (1974), American Society for 

Testing and Materials, 100 Barr Harbor Drive, West Conshocken, PA 19428-2959; updated with data from 

Sl10-02 IEEE/ASTM SI 10 American National Standard for Use of the International System of Units (SI): 

The Modern Metric System  (2002), SI10-02 IEEE/ASTM SI 10, 100 Barr Harbor Drive, West Conshocken, 

PA 19428-2959. 
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A1.4  Magnetic units: Equivalency table 
a 

 

Symbol Quantity Conversion from Gaussian and cgs emu to SI
 b 

F magnetic flux 1 Mx = 1 G·cm
2
 ­ 10

-8
 Wb = 10

-8
 V·s 

B magnetic flux density, 

magnetic induction 
1 G ­ 10

-4
 T = 10

-4
 Wb/m

2 

H magnetic field strength 1 Oe ­ 10
3
/(4p) A/m 

m magnetic moment
 

1 erg/G = 1 emu ­ 10
-3

 A·m
2
 = 10

-3
 J/T 

M magnetization 1 erg/(G·cm
3
) = 1 emu/cm

3
 ­ 10

3
 A/m 

4pM magnetization 1 G ­ 10
3
/(4p) A/m 

s mass magnetization, 

specific magnetization 
1 erg/(G·g) = 1 emu/g ­ 1 A·m

2
/kg 

j magnetic dipole moment 1 erg/G = 1 emu ­ 4p ³ 10
-10

 Wb·m 

J magnetic polarization 1 erg/(G·cm
3
) = 1 emu/cm

3
 ­ 4p ³ 10

-4
 T 

c, k volume susceptibility
 c 

1 ­ 4p
 

cr ,  c/r mass susceptibility
 d 

1 cm
3
/g ­ 4p ³ 10

-3
 m

3
/kg

 

m permeability 1 ­ 4p ³ 10
-7

 H/m = 4p ³ 10
-7

 Wb/(A·m) 

mr relative permeability m ­ mr 

w, W energy density 1 erg/cm
3
 ­ 10

-1
 J/m

3 

N, D demagnetizing factor 1 ­ 1/(4p) 

a
 Table based on R. B. Goldfarb and F. R. Fickett (1985),  NBS STP 696, National Bureau of Standards. U.S. 

Government Printing Office, Washington, D.C. 
b
 Gaussian units are the same as cgs emu for magnetostatics; Mx = maxwell, G = gauss, Oe = oersted; Wb = weber, 

V = volt, s = second, T = tesla, m = meter, A = ampere, J = joule, kg = kilogram, H = henry. 
c
 Volume susceptibility is dimensionless but is sometimes expressed in cgs units as emu/cm

3
 or emu/(cm

3·Oe). 

d
 Mass susceptibility is sometimes expressed in cgs units as emu/g or emu/(g·Oe).



A1.5  Properties of common cryogenic fluids.  (Sec. 1.2)  

 Additional data on the vapor-pressure vs. temperature dependence of these cryogenic fluids are given in Appendix A5.1. 

 

Fluid: 

Property: 
3
He 

4
He

 

 

H2 
*
 

(Para) 

H2 
*
 

(Normal) 
Ne N2 Ar O2 

CH4 

(Methane) 

Molecular Weight 

 

3.0160 4.0026  2.0159  2.0159 20.179 28.013 39.948  31.999 16.043 

Critical Temp. [K] 

 

3.324 5.195  32.93  33.18 44.49 126.2 150.7  154.6 190.6 

Critical Pressure [atm] 

 

1.145 2.245  12.67  12.98 26.44 33.51 47.99  49.77 45.39 

Boiling Point [K] 

 

3.191 4.230  20.27  20.27 27.10 77.35 87.30  90.20 111.7 

Melting Point [K]  4.2 

(at 140 atm) 

 13.80  13.95 24.56 63.15 83.81  54.36 90.72 

Liquid Density at B.P.  

[g/mL] 

0.05722 0.1247  0.07080  0.07080 1.207 0.8061 1.395  1.141 0.4224 

Gas Density at 0̄C and 

1 atm  [g/L] 

0.1345 0.1785  0.08988  0.08988 0.8998 1.250 1.784  1.429 0.7175 

Vapor Density at B.P. 

[g/L]  

24.51 16.76  1.339  1.339 9.577 4.612 5.774  4.467 1.816 

Liquid Thermal 

Conductivity at B.P. 

[mW/(mÅK)] 

ð 18.66  103.4  103.4 155.0 145.8 125.6  151.6 183.9 

Liquid Isobaric Specific 

Heat at B.P. 

[J/(gÅK)] 

24.80 5.299  9.659  9.667 1.862 2.041 1.117  1.699 3.481 

Latent Heat of 

Vaporization at B. P. 

7.976 J/g  

 

(0.4564 J/mL) 

20.75 

 

(2.589) 

 

 445.4 

 

 (31.54) 

 445.4 

 

 (31.54) 

85.75 

 

(103.5) 

199.2 

 

(160.6) 

161.1 

 

(224.9) 

 213.1 

 

 (243.1) 

510.8 

 

(215.8) 

Latent heat of Fusion at 

M.P. [J/g] 

ð 30.5 ð  58.2 16.6 25.5 27.8  13.8 58.7 
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Fluid: 

Property: 
3
He 

4
He

 

 

H2 
*
 

(Para) 

H2 
*
 

(Normal) 
Ne N2 Ar O2 

CH4 

(Methane) 

Vap. Pres. of Solid at 

M. P. [kPa] 

ð ð  7.04  7.20 43.46 12.52 68.89  0.146 11.5 

Magnetic Susceptibil- 

   ity [10
ï6 

cm
3
/mol]

 a
 

(+ ¹ paramagnetic) 

 ï2.02  

(gas) 

 ï5.44 

(liq., 

20.3K) 

 ï3.99 

    (gas,  

     >~ 293K) 

ï6.96 

(gas) 

ï12.0 

   (gas) 

ï19.32 

(gas) 

+3 449 (gas) 

+7 699 (liq., 90K) 

+10 200 (sol., 54K) 

ï17.4 

 

B.P. ſ boiling point; M.P. ſ melting point. 

Principal source of data: E.W. Lemmon, NIST, evaluated from equations of state referenced in Appendix A5.1.   

Data on solids: 

 V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Report 60-56, Part II. U.S. Government Printing Office, Washington, D.C. 

 D. H. J. Goodall (1970), A.P.T. Division, Culham, Culham Science Center, Abingdon, Oxfordshire, UK. 

 K. Timmerhaus and T. Flynn (1989), Cryogenic Process Engineering, Plenum Press, New York. 
*
 Hydrogen can exist in two different molecular forms: higher-energy orthohydrogen (nuclear spins aligned) and lower-energy parahydrogen (nuclear spins 

opposed).  The equilibrium ratio is determined by temperature: at room temperature and above, hydrogen consists of about 25 % para and 75 % ortho 

(so-called normal hydrogen), but at the atmospheric boiling temperature of liquid hydrogen (20.27 K) and below, the equilibrium shifts almost 

completely to parahydrogen (99.79 % para and 0.21 % ortho at 20.27 K).   
a
 CRC Handbook of Chemistry and Physics (2002), 83

rd
 edition, CRC Press, Boca Raton, Florida. 



A1.6a  Cooling power data for 
4
He, H2, and N2  (Sec. 1.2) 

 Tabulated values are consumption rates resulting from 1 W dissipated directly in the 

indicated cryogenic liquid at atmospheric pressure. 

Cryogenic liquid Volume of liquid boiled off  

from 1 W 

[L/h]  

Flow of gas at 0
o
C, 1 atm 

from 1 W 

[L/min]  

Enthalpy change at 1 atm 

pressure 

[J/g] 

 
4
He

 

 

 

1.377 

 

16.05 

 

         87   (4.2 Kï20 K)       

       384   (4.2 Kï77 K)   

     1542   (4.2 Kï300 K)  

  

H2 

 

0.1145 1.505        590   (20 Kï77 K)   

     3490   (20 Kï300 K)  

 

N2 

 

0.0225 0.243        233.5 (77 Kï300 K)  

 

Data compiled from:  

V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Report 60-56, Part II, U.S. 

Government Printing Office, Washington, D.C. 

D. H. J. Goodall (1970), A.P.T. Division, Culham Science Center, Abingdon, Oxfordshire, UK. 
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A1.6b  Cooling power data:  Amount of cryogenic fluid needed to cool common metals 
a,b

 (Sec. 

1.2)  

 

Cryogenic Fluid: 
4
He 

(Tb = 4.2 K) 

H2 

(Tb = 20.3 K) 

N2 

(Tb = 77.3 K) 

Initial Temp. of Metal: 300 K 

[L/kg]  

77 K 

[L/kg]  

300 K 

[L/kg]  

77 K 

[L/kg]  

300 K 

[L/kg]  

Using the latent heat 

of vaporization only 

Aluminum 58 2.6 5.4 0.25 1.01 

Copper 27 1.8 2.4 0.17 0.46 

Stainless Steel 30 1.2 2.8 0.12 0.54 

Using both the latent 

heat and the enthalpy 

of the gas 

Aluminum 1.60 0.22 1.03 0.14 0.64 

Copper 0.80 0.15 0.51 0.092 0.29 

Stainless Steel 0.80 0.10 0.52 0.064 0.34 

 

Tb is the boiling temperature at atmospheric pressure. 
a
 Determined from data by J. B. Jacobs (1962), Adv. Cryog. Eng. 8, 529. 

b
 For temperature combinations other than those given in this table, see Jacobs (1962, reference above). 
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A1.7  Suppliers of specialty parts and materials 

 The following is a list of suppliers of specialty parts and materials for constructing 

measurement cryostats.  It is provided as a convenience to save time locating less-common items.  

These are not complete listings of suppliers and information can change over time, but at least 

they are a place to start.  They may also serve as points of reference if contact information has 

changed. 

 Updated supplier information is listed for cryogenic instrumentation annually each 

December in the Cold Facts Buyerôs Guide, Cryogenic Society of America, 

http://www.cryogenicsociety.org/.  Suppliers for general physics instrumentation are updated 

each August in the Physics Today Buyers Guide,  American Institute of Physics, 

http://www.physicstoday.org/guide/. 

 Trade names, products, and companies cited here do not constitute or imply endorsement 

by NIST or by the U. S. government, and do not imply that they are the best available for the 

purpose.   

 

Adhesives (see Appendix A3.10) 

 

Coaxial cables for cryogenic applications (Secs. 4.7.1, 4.8) 

Solid dielectric coaxial cables for lower frequency applications (< 1 GHz) where dimensional 

stability of the terminations on thermal cycling is not needed (see Sec. 4.8): 

Axon Cable Inc., 390 E. Higgins Rd., Suite 101, Elk Grove Village, IL 60007, Tel. 708-

806-6629, Fax. 708-806-6639, http://www.axon-cable.com/.  Supplier of 

miniature coaxial cable; stock number SM50 comes standard with TeflonÊ 

dielectric and jacket; PXC47K08 can also be supplied with a TeflonÊ jacket. 

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Micro-Coax,  206 Jones Blvd., Pottstown, PA 19464-3465, Tel. 610-495-0110, 800-223-

2629, Fax. 610-495-6656, http://www.micro-coax.com/. 

Oxford InstrumentsïCryospares, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 

881437, Fax. +44(0)1865 884045, http://www.oxinst.com/cryospares/. 

Precision Tube, Coaxitube Div., 620 Naylor Mill Road, Salisbury, MD 21801, Tel. 410-

546-3911, Fax. 410-546-3913, http://www.precisiontube.com/. Catalog contains 

helpful information on the electrical selection of coaxial cables. 

RS, United Kingdom, Tel. +44-1536-201201, Fax. +44-1536-201-501, 

http://www.rs-components.com.  Supplier of miniature coaxial cable with 

TeflonÊ dielectric and jacket; ñRF cable MCXò stock numbers: 388-530 (50 Ý), 

388-546 (75 Ý).; (for low frequencies, where impedance matching is not a 

concern, the 75 Ý might be better since the capacitance is a bit lower). 

http://www.lakeshore.com/
http://www.lakeshore.com/
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Storm Products Co.,  Microwave Sales Office, 10221 Werch Drive, Woodridge, IL 

60517, Tel. 630-754-3300, 888-347-8676, Fax. 630ï754-3500, 

http://www.stormproducts.com/. 

Expanded dielectric coaxial cables for higher frequency applications (> 1 GHz) where 

dimensional stability of the terminations on thermal cycling is needed (see Sec. 4.8): 

Storm Products Co.,  Microwave Sales Office, 10221 Werch Drive, Woodridge, IL 

60517, Tel. 630-754-3300, 888-347-8676, Fax. 630ï754-3500, 

http://www.stormproducts.com/;  expanded dielectric coaxial cables, for example 

cable #421-193. 

 

Connectors (Secs. 4.1, 4.6, 4.7, 4.8) 

Alligator clips: smooth, flat jaws; 7/32ò jaw opening, #20 wire or smaller; crimp connection: 

Mueller Electric Co., part number (PN) BU-34C, http://www.muellerelectric.com/  

(distributed by Allied Electronics, Inc., PN 860-4340, Tel. 800-433-5700,   

http://www.alliedelec.com/ or Newark Electronics, PN 28F497, Tel. 800-263-

9275, http://www.newark.com/. 

Rf connectors: 

 Fischer Connectors, Tel. 1-800-551-0121, http://www.fischerconnectors.com/ 

 Lemo Connectors, http://www.lemousa.com/. 

Vacuum lead-throughs (room temperature):   

Cerama-Seal, 1033 State Route 20, New Lebanon, NY 12125, Tel. 10518-794-7800, Fax 

518-794-8080, http://www.ceramaseal.com/. 

Detoronics Corp., 10660 East Rush St., So. El Monte, CA 91733-3432, Tel. 818-579-

7130, Fax 818-579-1936, http://www.detoronics.com/. 

 

Contacts (springy devices)  (Sec. 7.4.3) 

Berylliumïcopper clad circuit board for making microsprings:   

Specialty order from Q-Flex, 1220 S. Lyon St., Santa Ana, CA 92705, Tel. 714-835-

2868, Fax. 714-835-4772, http://www.q-flex.com/. 

Fuzz Buttons:   

Techknit, Cranford, NJ,  http://www.fuzzbuttons.com/. 

Pogo Pins:   

Emulation Technology, Inc., Santa Clara, CA, http://www.emulation.com/pogo/. 

 

Cryogenic accessories and consumables 

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Oxford InstrumentsïCryospares, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 

881437, Fax. +44(0)1865 884045, http://www.oxinst.com/cryospares/. 

http://www.lakeshore.com/
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Cryogenic measurement systems ï Complete (Sec. 1.4) 

Cryo Industries; 11124 S. Willow St., Manchester, NH 03103; Tel. 603-621-9957; 

cryo@cryoindustries.com; http://www.cryoindustries.com/. 

Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 01887-0696; Tel. 978-

657-8750, http://www.janis.com/.  

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 881437, Fax. 

+44(0)1865 884045, http://www.oxinst.com/. 

Precision Cryogenic Systems, Inc.; 1171 West Rockville Rd., Indianapolis, Indiana 

46234; Tel. 317-272-0880, http://www.precisioncryo.com/. 

Quantum Design; 6325 Lusk Glvd., San Diego, CA 92121ï3733; Tel. 858-481-4400, 

Fax. 858-481-7410, http://www.qduse.com/.  

 

Current leads (Secs. 4.9, 4.10) 

Flexible superconducting braid: 

Supercon Inc., 830 Boston Turnpike, Shrewsbury, MA 01545, http://www.supercon-

wire.com/  (by special order). 

Low-Tc and high-Tc superconductors ï see Superconducting wire 

Vapor-cooled leads: 

American Magnetics Inc., P.O. Box 2509, 112 Flint Road, Oak Ridge, TN 37831-2509, 

USA, http://www.americanmagnetics.com/. 

Cryomagnetics Inc., 1006 Alvin Weinberg Drive, Oak Ridge, TN 37830, USA,  

http://www.cryomagnetics.com/. 

 

Curr ent power supplies; low-ripple, series-transistor regulated (Sec. 9.2)   

Alpha Scientific Electronics, Hayward, CA, 510-782-4747, 

http://www.alphascientific.com/. 

Inverpower Controls Ltd., Burlington, Ontario, Canada, 905-639-4692, 

http://www.inverpower.com/. 

Walker LDJ Scientific Inc., Worcester, MA 01606, 508-852-3674, 

http://www.walkerscientific.com/ (current Ò 500 A). 

 

Dewars for measurement systemsðmetal and fiberglassïepoxy 

American Magnetics Inc., P.O. Box 2509, 112 Flint Road, Oak Ridge, TN 37831-2509, 

USA, http://www.americanmagnetics.com/. 

Cryomagnetics Inc., 1006 Alvin Weinberg Drive, Oak Ridge, TN 37830, USA,  

http://www.cryomagnetics.com/. 

International Cryogenics,  4040 Championship Drive, Indianapolis, IN 46268, Tel. 317-

297-4777, Fax. 317-297-7988, http://www.intlcryo.com/. 

http://www.janis.com/
http://www.precisioncryo.com/
http://www.qduse.com/
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Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 01887-0696; Tel. 978-

657-8750, http://www.janis.com/. 

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 881437, Fax. 

+44(0)1865 884045, http://www.oxinst.com/. 

Precision Cryogenic Systems, Inc.,  7804 Rockville Road, Indianapolis, Indiana 46214, 

Tel. 317ï273-2800, Fax. 317-273-2802, prcry@iquest.net, 

http://www.precisioncryo.com/. 

Tristan Technologies, Inc., 6185 Cornerstone Court East, Suite 106, San Diego, CA 

92121, Tel. 877-436-1389, http://www.tristantech.com/. 

 

Epoxies and pastes -- Conductive (Secs. 7.4.1 and 8.3.2) 

Silver-based epoxy: 

Ted Pella, Inc., P.O. Box 492477, Redding, CA 96049-2477, Tel. 800-237-3526; Fax. 

530-243-3761, http://www.TedPella.com/. 

Silver paste: 

Ted Pella, Inc., P.O. Box 492477, Redding, CA 96049-2477, Tel. 800-237-3526; Fax. 

530-243-3761, http://www.TedPella.com/. 

 

Heaters, thin film (Secs. 1.4, 5.4, 7.3.1, and 7.4.1) 

Minco Products, Inc., 7300 Commerce Lane, Minneapolis, MN 55432-3177, Tel. 763-

571-3121, Fax. 763-571-0927, Info@minco.com, http://www.minco.com/ . 

 

Liquid -level monitors (Sec. 1.6.2) 

Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 01887-0696; Tel. 978-

657-8750, http://www.janis.com/. 

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 881437, Fax. 

+44(0)1865 884045, http://www.oxinst.com/. 

 

Lubricants (see Appendix A3.11) 

 

Magnets, superconducting (Secs. 1.4, 1.5, 9.1.4, 9.2.1) 

American Magnetics Inc., P.O. Box 2509, 112 Flint Road, Oak Ridge, TN 37831-2509, 

USA, http://www.americanmagnetics.com/. 

American Superconductor Corp., Two Technology Dr., Westborough, MA 01581, Tel. 

508-836-4200, Fax. 508-836-4248, http://www.amsuper.com/   (high-Tc magnets). 

Cryomagnetics Inc., 1006 Alvin Weinberg Drive, Oak Ridge, TN 37830,  

http://www.cryomagnetics.com/. 

http://www.lakeshore.com/
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Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 881437, Fax. 

+44(0)1865 884045, http://www.oxinst.com/. 

SuperPower, Inc., 450 Duane Ave., Schenectady, NY 12304, Tel. 518-346-1414, Fax. 

518-346-6080, http://www.igc.com/superpower/   (high-Tc magnets). 

 

Materials, less common and specialty sizes (Secs. 3.2, 3.4, 6.5.2, 7.3, 7.4) 

Metals ï general supplier of high purity metals and metallic compounds: 

ESPI, 1050 Benson Way, Ashland, OR 97520, Tel. 800-638-2581, Fax. 800-488-0060, 

http://www.espimetals.com/. 

Aluminum ï high conductivity wires: 

Alcoa Technical Center, 100 Technical Drive, Alcoa Center, PA 15069, 

http://www.alcoa.com/ 

Sumitomo Chemical, Japan, http://www.sumitomo-chem.co.jp/english/  

Swiss Federal Institute of Technology, Zurich, Switzerland, Tel. +41 44 632 1111, Fax. 

+41 44 632 1010, http://www.ethz.ch 

Copper ï high conductivity, oxygen free; (see Appendix A3.1 for a listing of the various types): 

Copper & Brass Sales, Tel. 800-926-2600, Fax. 888-926-2600, 

http://www.copperandbrass.com/     (OFHC
 Ê 

 copper tubes). 

Farmerôs Copper & Industrial Supply 800-231-9450, Fax. 409-765-7115, 

http://www.farmerscopper.com/    (OFHC
 Ê

 copper tubes). 

McMasterïCarr, http://www.mcmaster.com/. 

Fiberglassïepoxy composite tubes; custom sizes (made from G-10, G-11, G-13): 

A & M Composites, P.O. Box 3281, Big Spring, TX 79721, Tel. 432-267-6525, Fax. 

432-267-6599, http://www.amcctx.com/. 

Microwave circuit board (TMMÊ) (with a thermal-expansion coefficient less than that of G-10 

circuit board, so as to give better dimensional stability): 

Rogers Corp., One Technology Dr., P.O. Box 188, Rogers, CT 06263-0188, Tel. 860-

774-9605, Fax. 860-779-5509, http://www.rogers-corp.com/ . 

Titanium tubes ï less common sizes: 

Titanium Sports Technologies (TST), 1426 E. Third Ave., Kennewick, WA 99336, Tel. 

509-586-6117, http://www.titaniumsports.com/. 

 

Mechanical actuators and linear motors (Sec. 3.6) 

Energen, Inc., 650 Suffolk St., Lowell, MA 01854, 

http://www.energeninc.com/index.htm. 

 

Soldering materials (Secs. 3.3.4, 4.5, 4.6, 8.3.2, 8.3.3) 

Indium-alloy solders:  
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Indium Corp. of America, Indalloy
®
 solders, Tel. 315-853-4900 or 800-4-INDIUM, 

askus@indium.com, http://www.indium.com/. 

Lake Shore Cryotronics, Ostalloy
®
 solders, Westerville, OH 43081, Tel. 614-891-2244, 

Fax. 614-818-1600, http://www.lakeshore.com/ . 

Umicore Indium Products, Ostalloy
®
 solders, http://www.thinfilmproducts.umicore.com/. 

Solder flux:  

Å Combined solder and flux paste: 

Fusion Automation, Inc., http://www.fusion-inc.com/ Model SSX-430-830. 

Multicore Kester 135, http://www.kester.com/. 

Å Mild flux: 

Alpha HF260, http://www.alphametals.com/distributors/pdfs/2001134214.pdf.  

Litton ESF33,  http://www.amsuper.com/products/library/003-

TechNote_Soldering.pdf. 

Å Unactivated rosin flux: 

Kester, Tel. 800-253-7837, Fax. 847-390-9338, technicalservice@kester.com, 

http://www.kester.com/ designated ñPlastic coreò RNA (rosin non-

activated). 

Solder with antimony to minimize embrittlement and cracking at cryogenic temperatures: 

Kester, Tel. 800-253-7837, Fax. 847-390-9338, technicalservice@kester.com, 

http://www.kester.com/. 

 

Strain gauges, accessories, and gauge adhesives for cryogenic service (Sec.  9.4.4)  

Vishay Intertechnology, Inc., Vishay Micro-Measurements Division, 

http://www.vishay.com/. 

 

Sticky stuff:   (see Appendix A3.10) 

 

Superconducting wire (Secs. 4.9, 4.10, Chapters 9 and 10) 

Updated links to superconductor suppliers are available at http://superconductors.org/Links.htm. 

Low-Tc (NbïTi and Nb3Sn): 

Alstom Magnets & Superconductors, 90018 Belfort Cedex, France, Tel.  +33 (0)3 84 55 

32 26, Fax. +33 (0)3 84 55 70 93,  http://www.powerconv.alstom.com/. 

Bochvar, 5 ulitsa Rogova, Moscow 123060, Tel. (095) 190-49-93[1], 190-82-97[2], Fax.  

(095) 196-41-68, e-mail: post@bochvar.ru, http://www.bochvar.ru. 

European Advanced Superconductor (EAS), Ehrichstraße 10, 63450 Hanau, Germany, 

Tel. (+49) (6181) 43 84-41 00, Fax. (+49) (6181) 43 84-44 00, 

http://www.advancedsupercon.com/. 

Furukawa Electric, 6-1, Marunouchi 2-chome, Chiyoda-ku, Tokyo 100, Japan, Tel. 81-3-

3286-3001, Fax. 81-3-3286-3747,3748, http://www.furukawa.co.jp/english. 

http://www.lakeshore.com/
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Kobe Steel, Ltd., Shinko Building, 10-26, Wakinohamacho, 2-chome, Chuo-ku, Kobe, 

Hyogo 651-8585, Japan, Tel. 81-78-261-511, Fax. 81-78-261-4123, 

http://www.kobelco.co.jp/english. 

Outokumpu, http://www.outokumpu.com/. 

Oxford Superconducting Technology, 600 Milik St., P.O. Box 429, Carteret, NJ 07008-

0429, Tel. 732 541 1300, Fax. 732 541 7769, http://www.oxford-

instruments.com/. 

Shape Metal Innovations (SMI);  Nb3Sn powder-in-tube (PIT) process, Tel. +31 53 

4340704, JLSMI@worldonline.nl. 

Sumitomo, One North Lexington Ave., White Plains, NY 10601, Tel. 914-467-6001, Fax. 

914-467-6081, http://www.sumitomoelectricusa.com/. 

Supercon Inc., 830 Boston Turnpike, Shrewsbury, MA 01545, http://www.supercon-

wire.com/.  

Western Superconducting Material Technology Corp., P.O. Box 51 Xiôan Shaanxi, 

710016 P.R. China. 

Low-Tc (MgB2): 

Columbus Superconductor S.R.L., Corso F. Perrone 24, 16152 Genova, Italy, Tel. +39 

(0)10 65 98 784, Fax. +39 (0)10 65 98 732. 

Diboride Conductors, http://www.diboride.biz/. 

Hyper Tech Research, Inc., 110 E. Canal St., Troy, OH 45373-3581, Tel. 937-332-0348, 

http://www.hypertechresearch.com/. 

High-Tc (Bi-2212): 

Oxford Superconducting Technology, 600 Milik St., P.O. Box 429, Carteret, NJ 07008-

0429, Tel. 732 541 1300, Fax. 732 541 7769, http://www.oxford-

instruments.com/. 

Showa Electric Wire and Cable Co., Ltd., http://www.swcc.co.jp/eng/index.htm. 

High-Tc (Bi-2223): 

American Superconductor Corp., Two Technology Drive, Westborough, MA 01581, Tel.  

508.836.4200, Fax. 508.836.4248, http://www.amsuper.com/. 

European Advanced Superconductor (EAS), Ehrichstraße 10, 63450 Hanau, Germany, 

Tel. (+49) (6181) 43 84-41 00, Fax. (+49) (6181) 43 84-44 00, 

http://www.advancedsupercon.com/. 

Innova Superconductor Technology Co. Ltd, 7 Rongchang Dongjie, Longsheng Industrial 

Park, Beijing 100176, People's Republic of China. 

Sumitomo, One North Lexington Ave., White Plains, NY 10601, Tel. 914-467-6001, Fax. 

914-467-6081, http://www.sumitomoelectricusa.com/. 

Trithor GmbH, Heisenbergstrasse 16, D-53359 Rheinbach, Germany, Tel.: +49 (0) 2226 - 

90 60 ï 0, Fax. +49 (0) 2226 - 90 60 ï 900,  http://www.trithor.com/. 

High-Tc (YBCO): 
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American Superconductor Corp., Two Technology Drive, Westborough, MA 01581, Tel.  

508.836.4200, Fax 508.836.4248, http://www.amsuper.com/. 

Fujikura, http://www.fujikura.co.jp/ie_e.html. 

SuperPower, 450 Duane Avenue, Schenectady, NY 12304, Tel.: 518/346-1414, Fax. 

518/346-6080, http://www.igc.com/superpower/. 

Theva GmbH, Rote-Kreuz-Str. 8, D-85737 Ismaning Germany, Tel. +49 89 923346-0, 

Fax. +49 89 923346-10, info@theva.com, http://www.theva.com/. 

Thermometers and accessories (Chapter 5) 

Beryllium-oxide high-thermal-conductivity chips:  

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Capacitance bridges:   

Automatic bridgesðAndeenïHagerling Inc., Cleveland, OH, Tel. 440-349-0370, Fax. 

440-349-0359, http://www.andeen-hagerling.com/. 

Capacitance controller cardðLake Shore Cryotronics, Westerville, OH 43081, Tel. 614-

891-2244, Fax. 614-818-1600, http://www.lakeshore.com/. 

General Radio capacitance bridges (5 digit) available from IET Labs Inc., Westbury, NY, 

Tel. 800-899-8438, Fax. 516-334-5988, http://www.ietlabs.com/ or Tucker 

Electronics, Dallas TX, Tel. 800-527-4642, Fax. 214-348-0367, 

http://www.tucker.com/. 

Grease ï thermally conducting: 

Apiezon NÓ grease ï Apiezon Products, M & I Materials Ltd., Manchester, UK, Tel. 

+44 (0)161 864 5419, Fax. +44 (0)161 864 5444, http://www.apiezon.com/. 

Cry-ConÓ grease ï available, for example, from Janis Research Co., Accessories and 

Ancillary Equipment, http://www.janis.com/. 

Thermometers for cryogenic temperatures and calibration services:   

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Oxford InstrumentsïCryospares, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 

881437, Fax. +44(0)1865 884045, http://www.oxinst.com/cryospares/. 

Scientific Instruments, Inc., West Palm Beach FL 33407, Tel. 561-881-8500, Fax. 561-

881-8556, http://www.scientificinstruments.com/. 

Tinsley Manufacturing, supplier of rhodiumïiron resistance thermometers in wire form. 

Temperature controllers: 

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/. 

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865 881437, Fax. 

+44(0)1865 884045, http://www.oxinst.com/. 

 

http://www.lakeshore.com/
http://www.lakeshore.com/
http://www.lakeshore.com/
http://www.lakeshore.com/
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Thermocouple wire (Secs. 5.1.1, 5.1.2, 5.1.4, 5.1.6, and 5.5.9) 

Omega Engineering, P.O. Box 4047, Stamford, Connecticut 06907-0047, 800-848-4286 

or 203-359-1660, Fax. 203-359-7700, http://www.omega.com/. 

River Bend Technology Centre, Northbank, Irlam, Manchester M44 5BD, United 

Kingdom, http://www.omega.co.uk/. 

 

Vacuum accessories (Secs. 3.3.1, 3.7) 

C-ring metal seals:  

American Seal & Engineering Co., P.O. Box 1038, Orange, CT 06477, 800-878-2442, 

http://www.ameriseal.com. 

GarlockïHelicoflex, P.O. Box 9889, Columbia, SC 20290, Tel. 800-713-1880, 

http://www.helicoflex.com. 

Hydrodyne, 325 Damon Way, Burbank, CA 91505, Tel. 818-841-9667, 

http://www.hydrodyne.com.    

Nicholsons Sealing Technologies Ltd., Hamsterley, Newcastle upon Tyne, UK, NE17 7 

SX, Tel. +44 (0)1207 560505, http://www.nicholsons.com. 

Dynamic seals: O-rings, spring-loaded PTFE:  

Bal Seal Engineering Co., Inc., 620 West Ave., Santa Ana, CA 92707-3398, Tel. 714-

557-5192. 

Vacuum flanges and fixtures:  Ladish Tri-Clover, and ISO KF; available from general vacuum-

equipment suppliers such as:  

Duniway Stockroom Corp., Tel. 800-446-8811, http://www.duniway.com/. 

Kurt J. Lesker Co., Tel. 800-245-1656, http://www.lesker.com/. 

O-rings, indium wire:  

Indium Corp. of America, 1676 Lincoln Ave., Utica, NY. 13503. 

O-rings, metal:  

Perkin Elmer, Beltsville, MD, Tel. 301-937-4010. 

Screws (silver plated to prevent galling, precleaned, and optionally vented for vacuum systems):  

McMasterïCarr, http://www.mcmaster.com/. 

U-C Components, Morgan Hill, CA, http://www.uc-components.com/. 

 

Wire  (Sec. 4.1, 4.2, and 4.3) 

Phosphor-bronze twisted-wire pairs for thermometer leads: 

Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 614-818-1600, 

http://www.lakeshore.com/ Quad-TwistÊ cryogenic wire. 

Pure indium wire for indium O-rings:  

Indium Corp. of America, Tel. 315-853-4900 or 800-4-INDIUM, askus@indium.com, 

http://www.indium.com/. 

Stripper (chemical) for polyimide (KaptonÓ) wire insulation:  

http://www.ameriseal.com/
http://www.hydrodyne.com/
http://www.nicholsons.com/
http://www.lakeshore.com/
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MillerïStephenson chemical, George Washington Hwy., Danbury, CT 06810, Tel. 203-

743-4447, Fax. 203-791-8702, support@miller-stephenson.com, MS-111 

stripping agent. 
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A2. Heat-transfer  (ref. Chapter 2) 

A2.1   Thermal conductivity integrals for technical cryostat materials
 a
 (see also Fig. 2.1 in Sec. 

2.2)
  

 The thermal conductivity integrals tabulated below are referenced to 4 K.  Steady-state 

heat conduction q
.

cond through a solid member of uniform cross section A and length L may be 

determined between two arbitrary temperatures T1 and T2 by taking the difference between the 

two corresponding 4 K integral values:  

 

 q
.

cond ſ  A/L ñT1
T2

  l(T) dT    =    A/L { ñ4K
T2

  l(T) dT ï   ñ4K
T1

  l(T) dT },  

 

where l(T) is the temperature-dependent thermal conductivity. 

 Data for materials other than those tabulated may be estimated well enough for cryostat-

design purposes by using data for similar materials, especially if they have a low thermal 

conductivity and do not contribute much to the total heat influx.  For example, most commercial 

glasses, as well as many plastics and disordered polymers can be represented (within a factor of 

about two) by the integral values given for PyrexÓ.  Values for Manganin can be approximated 

by those given for Constantan, and values for Inconel and Monel alloys are between those of 

stainless steel and Constantan.   

 Greater care must be given to the highly conducting materials.  Phosphorus deoxidized 

copper is the type of copper used most often in pipe, rods, and bars.  Electrolytic tough pitch 

copper is the material from which copper electrical wires are usually made. 

 The temperature dependence of the thermal conductivity of additional cryostat 

construction materials is given in Appendix A6.7. 



Thermal Conductivity Integrals 

 

 ñ4K
T
  l dT      [kW/m] [W/m] 

 

COPPER COPPER ALLOYS 

 

ALUMINUM  

 

STAINLESS 

STEEL 

CONST-

ANTAN 

GLASS 

 

POLYMERS 

 

T(K) Elect. 

Tough 

Pitch b 

 

Phos. 

Deox. 

Be/Cu 

98 Cu  

2 Be 

German 

Silver  

60 Cu 25 

Zn 15 Ni 

Com-

mon 

Pure 

99 Al b 

Mn/Al  

98.5 Al  

1.2 Mn 

plus traces 

Mg/Al   

96 Al  

3.5 Mg 

plus traces 

Average 

Types 

303,304, 

316, 347 

 

Average 

PyrexÓ 

Quartz 

Boro-

Silicate 

TeflonÓ PerspexÓ NylonÓ 

6 0.80 0.0176 0.0047 0.00196 0.138 0.0275 0.0103 0.00063 0.0024 0.211 0.113 0.118 0.0321 

8 1.91 0.0437 0.0113 0.00524 0.342 0.0670 0.025 0.00159 0.0066 0.443 0.262 0.238 0.0807 

10 3.32 0.0785 0.0189 0.010 0.607 0.117 0.0443 0.00293 0.0128 0.681 0.44 0.359 0.148 

15 8.02 0.208 0.0499 0.030 1.52 0.290 0.112 0.00816 0.0375 1.31 0.985 0.669 0.410 

20 14.0 0.395 0.0954 0.0613 2.76 0.534 0.210 0.0163 0.0753 2.00 1.64 1.01 0.823 

25 20.8 0.635 0.155 0.102 4.24 0.850 0.338 0.0277 0.124 2.79 2.39 1.44 1.39 

30 27.8 0.925 0.229 0.153 5.92 1.23 0.490 0.0424 0.181 3.68 3.23 1.96 2.08 

35 34.5 1.26 0.316 0.211 7.73 1.67 0.668 0.0607 0.244 4.71 4.13 2.59 2.90 

40 40.6 1.64 0.415 0.275 9.62 2.17 0.770 0.0824 0.312 5.86 5.08 3.30 3.85 

50 50.8 2.53 0.650 0.415 13.4 3.30 1.24 0.135 0.457 8.46 7.16 4.95 6.04 

60 58.7 3.55 0.930 0.568 17.0 4.55 1.79 0.198 0.612 11.5 9.36 6.83 8.59 

70 65.1 4.68 1.25 0.728 20.2 5.89 2.42 0.270 0.775 15.1 11.6 8.85 11.3 

76 68.6 5.39 1.46 0.826 22.0 6.72 2.82 0.317 0.875 17.5 13.0 10.1 13.1 

80 70.7 5.89 1.60 0.893 23.2 7.28 3.09 0.349 0.943 19.4 13.9 11.0 14.2 

90 75.6 7.20 1.99 1.060 25.8 8.71 3.82 0.436 1.11 24.0 16.3 13.2 17.3 

100 80.2 8.58 2.40 1.23 28.4 10.2 4.59 0.528 1.28 29.2 18.7 15.5 20.4 

120 89.1 11.5 3.30 1.57 33.0 13.2 6.27 0.726 1.62 40.8 23.7 20.0 26.9 
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 ñ4K
T
  l dT      [kW/m] [W/m] 

 

COPPER COPPER ALLOYS 

 

ALUMINUM  

 

STAINLESS 

STEEL 

CONST-

ANTAN 

GLASS 

 

POLYMERS 

 

T(K) Elect. 

Tough 

Pitch b 

 

Phos. 

Deox. 

Be/Cu 

98 Cu  

2 Be 

German 

Silver  

60 Cu 25 

Zn 15 Ni 

Com-

mon 

Pure 

99 Al b 

Mn/Al  

98.5 Al  

1.2 Mn 

plus traces 

Mg/Al   

96 Al  

3.5 Mg 

plus traces 

Average 

Types 

303,304, 

316, 347 

 

Average 

PyrexÓ 

Quartz 

Boro-

Silicate 

TeflonÓ PerspexÓ NylonÓ 

140 97.6 14.6 4.32 1.92 37.6 16.2 8.11 0.939 1.97 54.2 28.7 24.7 33.6 

160 106 18.0 5.44 2.29 42.0 19.4 10.1 1.17 2.32 69.4 33.8 29.4 40.5 

180 114 21.5 6.64 2.66 46.4 22.5 12.2 1.41 2.69 85.8 39.0 34.2 47.5 

200 122 25.3 7.91 3.06 50.8 25.7 14.4 1.66 3.06 103.0 44.2 39.0 54.5 

250 142 35.3 11.3 4.15 61.8 33.7 20.5 2.34 4.06 150.0 57.2 51.0 72.0 

300 162 46.1 15.0 5.32 72.8 41.7 27.1 3.06 5.16 199.0 70.2 63.0 89.5 

a 
 Data from:  

   V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Report 60-56, Part II. U.S. Government Printing Office, Washington, D.C. 

   D. H. J. Goodall (1970), A.P.T. Division, Culham Science Center, Abingdon, Oxfordshire, UK. 
b 

The high thermal conductivity of nearly pure metals is variable and strongly depends on their impurity content; see Sec. 6.4.2.



 

A2.2   Emissivity of technical materials at a wavelength of about 10 mm (room temperature) (Sec. 

2.4) 

Material Emissivity 

  

polished 

highly 

oxidized 

common 

condition 

Metallic:    

Ag 0.01   

Cu 0.02 0.6  

Au 0.02   

Al  0.03 0.3  

Brass 0.03 0.6  

Soft-solder   0.03 

Nb, crystalline, bulk   0.04 

Lead 0.05   

Ta 0.06   

Ni 0.06   

Cr 0.07   

Stainless Steel   0.07 

Ti   0.09 

Tin (gray), single crystal    0.6 

Nonmetallic:    

IMI 7031 varnish   0.9 

Phenolic lacquer   0.9 

Plastic tape   0.9 

Glass   0.9 

 

Compiled from: 

American Institute of Physics Handbook (1972), 3
rd
 edition, Chapter 6, McGrawïHill, New York. 

M. M. Fulk, M. M. Reynolds, and O. E. Park (1955), Proc 1954 Cryogenic Eng. Conf.,  Nat. Bur. Stands. 

(U.S.) Report No. 3517, p. 151. U.S. Government Printing Office, Washington, D.C.  

W. H. McAdams (1954), Heat Transmission, 3
rd
 edition, McGrawïHill, New York. 

W. T. Ziegler and H. Cheung (1957),  Proc 1956 Cryogenic Engineering Conference, National Bureau of  

Standards, p. 100. U.S. Government Printing Office, Washington, D.C. 

Emissivities of additional materials at room temperature are available in the technical reference section of The 
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Temperature Handbook (2002), p. Z-171. Omega Engineering Inc., Stamford, Connecticut 

(http://www.omega.com/).  
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A2.3  Heat conductance across solid interfaces pressed together with 445 N force (45 kgf or 

100 lbf)  (Sec. 2.6) 

 Heat conductance at a force level F other than 445 N can be determined by multiplying 

these data by the ratio F / 445 N.  In addition to these data, see Fig. 2.7 for heat conductance 

values covering a wide range of temperatures (0.1 K to 300 K) for pressed contacts of gold/gold, 

indium/copper, copper/copper, and stainless/stainless.  Data are also given in Fig. 2.7 for solder, 

grease, and varnish joints.   

 

Interface Materials 4.2 K 77 K y *  

Gold/Gold 2 ³ 10
ï1

 W/K
 a
  1.3

 a
 

Copper/Copper 1 ³ 10
ï2

 W/K
 b
 3 ³ 10

ï1
 W/K

 b
 1.3

 a
 

Steel/Steel 5 ³ 10
ï3

 W/K
 b
 3 ³ 10

ï1
 W/K

 b
  

Sapphire/Sapphire 7 ³ 10
ï4

  W/K
 a
  3

 a
 

  

* Values of y are for calculating the heat conductance at temperatures below 4.2 K by using Eq. (2.14) in Sec. 2.6. 
a
 R. Berman and C. F. Mate (1958), Nature 182, 1661. 

b
 R. Berman (1956), J. Appl. Phys. 27, 318. 



A3. Cryostat construction (ref. Chapter 3) 

A3.1  High-thermal-conductivity construction-metal properties:  RRR, thermal conductivity, and electrical resistivity  (Sec. 3.2.2) 

 RRR ¹ r293K/r4K, the residual resistivity ratio;
 a
  l ¹ thermal conductivity;  r ¹ electrical resistivity 

 The thermal conductivities of additional construction materials are shown in Fig. 2.1 and tabulated in Appendix A6.7. 

 

Material RRR 
a,f

 

(¹r293K/r4K) 

l293 K
 g 

[W/(mĀK)] 

l4.2 K
 f,h 

[W/(mĀK)] 

r293 K
 f,g 

[mWĀcm] 

r77 K
 f 

[mWĀcm] 

Use Comments 

 

Copper 

 

       

 

High purity  

     (99.999 % pure) 
c,d 

~2000 394 ~11300 1.68 0.19 Very high 

thermal-cond. 

parts. 

Thermal conductivity can be 

increased by annealing; see 

footnotes c and d. 

Oxygen-free 
c,d,e

  

    Grade C10100 
b,c,d

  

        (99.99 % pure)  

    Electronic grade C10200 
b,c,d

 

        (99.95 % pure)  

 

~150 

 

~100  

 

394 

 

390 

 

~850 

 

~560 

 

1.72 

 

1.72 

 

0.19 

 

0.19 

High thermal-

cond. foil, 

rods,  plates, 

and tubes. 

Thermal conductivity can be 

increased by annealing; see 

footnotes c and d. 

ETP  

    Grade C11000
 b,c

   

     

~100 390 ~560 1.71 ð High thermal-

cond. rods, 

plates, wire, 

and wire 

braid. 

ETP ¹ electrolytic-tough-pitch 

copper 

Contains about 0.3 % oxygenð

cannot be used for 

hydrogen brazing 

Thermal conductivity of cold-

worked ETP copper can be 

increased by annealing; see 

footnote c. 

Phosphorus deoxidized  

     Grade C12200
 
 

3 to 5 339 ~14 to 24 2.03 ð Tubes  
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Material RRR 
a,f

 

(¹r293K/r4K) 

l293 K
 g 

[W/(mĀK)] 

l4.2 K
 f,h 

[W/(mĀK)] 

r293 K
 f,g 

[mWĀcm] 

r77 K
 f 

[mWĀcm] 

Use Comments 

Brass 

     Free cutting brass 

     Grade C36000
   

~2.5 125 ~4.5 7.2 4.7   

Beryllium copper, annealed 

     Grade C17000ïC17300
 
 

1.5 to 2.5 ~84 

depends on 

processing 

~1.8 to 3.0 6.4 to 10.7 

depends on 

processing 

4.2 to 8.5 

depends on 

processing 

  

 

Aluminum 

 

       

99.999 % high purity 

 

~1000 235 ~3400 2.76 0.23   

Grade 1100 

 

~14 222 ~45  ð   

Grade 6063 

 

~7 218 ~22  ð   

Grade 5052 

 

~1.4 138 ~2.8 4.93 ð   

 
a
 The listed RRR values are nominal and can vary by about 50 % from sample to sample for the purer grades, depending on the amount and type of impurities as 

well as cold-work condition. 
b
 Unified Numbering System (UNS) grade numbers for metals and alloys. 

c
 The thermal and electrical conductivity of deformed and coldworked high-purity, oxygen-free, and ETP copper can be increased (depending on the amount of 

cold work) by annealing.  Heat in vacuum (<~ 10
ï4

 torr) or argon at about 500 
o
C for about an hour.  If vacuum or argon are not readily available, copper 

can be heated in air, but a surface scale forms, which can be removed afterward with dilute nitric acid.  
d
 Although this is not commonly done, further increase in the thermal and electrical conductivity can be obtained by oxidizing the magnetic iron impurities in high-

purity and oxygen-free copper (but not in ETP copper, which contains too many impurities other than iron).   The RRR of oxygen-free copper is typically 

increased from ~100 as received, to ~800 after oxidation; the RRR of high purity (99.99 %) copper  is typically increased from ~1500 as received, to more 

than 10 000 after oxidation.  Heat the copper part at about 1000 
o
C in oxygen at about 0.13 Pa to 1.3 Pa (10

ï3
 torr to 10

ï2
 torr) pressure.  About a day of 

annealing is required for small parts, up to a month for large copper billets [ref. F. R. Fickett (1974), Mater. Sci. Eng. 14, 199ï210]. 
e
 Sources of oxygen-free copper are not as plentiful as ETP copper, especially in tube form.  However, if high-thermal-conductivity tubes are needed or if hydrogen 

brazing is to be done, oxygen-free copper is required.  Suppliers of oxygen-free copper are listed in Appendix A1.7 under Material, copper. 
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f
 From C. A. Thompson, W. M. Manganaro, and F. R. Fickett (1990), Cryogenic Properties of Copper, Wall Chart, NIST, and the references cited therein. U.S. 

Government Printing Office, Washington D.C. 
g
 Metals Handbook (1961), Vol. 1, Properties and Selection of Materials, 8

th
 edition, ASM International, Materials Park, Ohio. 

h
 Calculated from the WiedemannïFranzïLorenz law, Eq. (2.4):  l = LN T / r, where LN  is the Lorenz constant;  this results in  

  l(4.2 K)  =  l(293 K) (r293K/r4K) (4.2 K/293 K). 



A3.2  Heat conduction along thin-walled stainless-steel tubing 
a
 (Sec. 3.2.2) 

 The heat conduction values tabulated in this table may be simply scaled to lengths other 

than 10 cm (inversely proportional) and wall thicknesses other than those listed in column 2 

(directly proportional). 

 The tabulated values of conducted heat assume no gas cooling of the tubing. If the gas 

boiled off by the conducted heat were to cool the tubing with 100 % efficiency, the resultant heat 

flow would be 1/10 of the values given for T = 77 K and l/32 of those for T = 300 K. 

 

 
 

Tube O.D.  

[inches] 

Wall 

Thickness 

[inches  (mm)] 

Cross Sectional 

Area 

[cm
2
] 

Heat conducted [milliwatts] 

along 10 cm of tubing with one end 

at 4 K and the other at: 

  T=77 K          T=300 K 

     

1/8 0.004ò  (0.10 mm) 0.0098           3.1 mW 30 mW 

3/16 0.004ò  (0.10 mm) 0.0149 4.7 45 

1/4 0.004ò  (0.10 mm) 0.020 6.3 61 

3/8 0.006ò  (0.15 mm) 0.045 14 137 

1/2 0.006ò  (0.15 mm) 0.060 19 184 

5/8 0.006ò  (0.15 mm) 0.075 24 230 

3/4 0.006ò  (0.15 mm) 0.091 29 277 

1 0.006ò  (0.15 mm) 0.121 38 370 

1 1/4 0.010ò  (0.25 mm) 0.251 80 770 

1 1/2 0.010ò  (0.25 mm) 0.302 96 924 

2 0.015ò  (0.38 mm) 0.604 191 1847 

 
All dimensions are in inches. 

 
a 

From:  

V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Report 60-56, Part II. U.S. 

Government Printing Office, Washington, D.C. 

D. H. J. Goodall (1970), A.P.T. Division, Culham Science Center, Abingdon, Oxfordshire, UK.



A3.3  Pipe and tubing sizes 
a,b

 (Sec. 3.5) 

 
  

Type K Copper Tubing 

 

Brass Pipe 

 

Steel and PVC Pipe, Schedule 40 

 

Soft Copper Refrigeration Tubing 

Nominal Size 

[inches] 

Internal 

Diameter 

External 

Diameter 

Internal 

Diameter 

External 

Diameter 

Internal 

Diameter 

External 

Diameter 

Internal 

Diameter 

External 

Diameter 

1/8 NA
 c 

NA NA NA 0.269 0.405 0.065 0.125 

1/4 0.30 0.375 0.410 0.540 0.364 0.540 0.190 0.250 

3/8 0.40 0.500 0.545 0.675 0.493 0.675 0.311 0.375 

1/2 0.53 0.625 0.710 0.840 0.622 0.840 0.436 0.500 

5/8 0.65 0.750 NA NA NA NA 0.555 0.625 

3/4 0.75 0.875 0.920 1.050 0.824 1.050 0.680 0.750 

1 1.00 1.125 1.185 1.315 1.049 1.315   

1-1/4 1.25 1.375 1.530 1.660 1.380 1.660   

1-1/2 1.48 1.625 1.770 1.900 1.610 1.900   

2 1.96 2.125 2.245 2.375 2.067 2.375   

2-1/2 2.44 2.625 2.745 2.875 2.469 2.875   

3 2.91 3.125 3.334 3.500 3.068 3.500   

3-1/2 3.39 3.625 3.810 4.000 3.548 4.000   

4 3.86 4.125 4.296 4.500 4.026 4.500   

5 4.81 5.125 5.298 5.562 5.047 5.562   

6 5.74 6.125 6.309 6.625 6.065 6.625   

a
 From B. Brandt (2002), National High-Field Magnet Laboratory, Florida State University, personal communication.  

b
 All dimensions are in inches. 

c
 NA ſ Not Available. 



A3.4  Screw and bolt sizes, hexagon socket-head sizes, and load limits (Sec. 3.3.1) 

 Maximum load and minimum engaged thread length are determined for stainless-steel (SS) bolts assuming a yield strength of 414 

MPa (60 ksi).  Hexagon socket-head diameters and heights are given to facilitate laying out bolt circles on vacuum flanges. 

 

Screw 
a
 

Size ï  

Number 

of 

threads 

per inch
 

 

 

Major Diam. 

[inches  (mm)] 

 

 

Nearest  

Standard 

Metric Size 

 

Maximum 
b
 

load 

(SS bolts) 

[lbf  (kN)]
 

 

 

Engaged length 
c
  

(SS into SS) 

[inches  (mm)]
 

 

Number 
c
 

engaged 

threads 

(SS into SS)
 

 

 

Engaged length 

 (SS into Al) 

[inches  (mm)]
 

 

Number 

engaged 

threads 

(SS into 

Al)
 

 

 

Socket head
 

diameter 
d
  

[inches] 

 

Max     Min
 

 

 

Socket head
 
 

height 
d
  

[inches] 

 

Max     Min
 

Tap 

drill 

size 

(inch, 

number, 

& letter 

drills) 

 

Clearance 

drill size 

(number 

& inch 

drills) 

0-80 0.0600  (1.524) M1.6 ³ 0.35 108  (0.48) 0.0328  (0.833) 2.6 0.0654  (1.66) 5.2 0.096 0.091 0.060 0.057 3/64 51 

1-64 0.0730  (1.854) M2 ³ 0.4 157  (0.70) 0.0396  (1.01) 2.5 0.0786  (2.00) 5.0 0.118 0.112 0.073 0.070 53 47 

1-72 ñ ñ 167  (0.74) 0.0407  (1.03) 2.9 0.0831  (2.11) 6.0 ñ ñ ñ ñ 53 47 

2-56 0.0860  (2.184) ñ 222  (0.99) 0.0471  (1.20) 2.6 0.0938  (2.38) 5.3 0.140 0.134 0.086 0.083 50 42 

2-64 ñ ñ 236  (1.05) 0.0482  (1.22) 3.1 0.0100  (0.25) 6.4 ñ ñ ñ ñ 50 42 

3-48 0.0990  (2.515) M2.5 ³ 0.45 292  (1.30) 0.0539  (1.37) 2.6 0.0107  (0.27) 5.2 0.161 0.154 0.099 0.095 47 37 

3-56 ñ ñ 314  (1.40) 0.0558  (1.42) 3.1 0.115  (2.93) 6.5 ñ ñ ñ ñ 46 37 

4-40 0.1120  (2.845) M3 ³ 0.5 362  (1.61) 0.0602  (1.53) 2.4 0.118  (2.99) 4.7 0.183 0.176 0.112 0.108 43 31 

4-48 ñ ñ 396  (1.76) 0.0625  (1.59) 3.0 0.129  (3.27) 6.2 ñ ñ ñ ñ 3/32 31 

5-40 0.1250  (3.175) ñ 477  (2.12) 0.0688  (1.75) 2.8 0.139  (3.53) 5.6 0.205 0.198 0.125 0.121 38 29 

5-44 ñ ñ 499  (2.22) 0.0703  (1.79) 3.1 0.145  (3.68) 6.4 ñ ñ ñ ñ 37 29 

6-32 0.1380  (3.505) M4 ³ 0.7 545  (2.42) 0.0741  (1.88) 2.4 0.144  (3.65) 4.6 0.226 0.218 0.138 0.134 36 27 

6-40 ñ ñ 609  (2.71) 0.0775  (1.97) 3.1 0.161  (4.08) 6.4 ñ ñ ñ ñ 33 27 

8-32 0.1640  (4.166) ñ 841  (3.74) 0.0914  (2.32) 2.9 0.186  (4.73) 6.0 0.270 0.262 0.164 0.159 29 18 
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Screw 
a
 

Size ï  

Number 

of 

threads 

per inch
 

 

 

Major Diam. 

[inches  (mm)] 

 

 

Nearest  

Standard 

Metric Size 

 

Maximum 
b
 

load 

(SS bolts) 

[lbf  (kN)]
 

 

 

Engaged length 
c
  

(SS into SS) 

[inches  (mm)]
 

 

Number 
c
 

engaged 

threads 

(SS into SS)
 

 

 

Engaged length 

 (SS into Al) 

[inches  (mm)]
 

 

Number 

engaged 

threads 

(SS into 

Al)
 

 

 

Socket head
 

diameter 
d
  

[inches] 

 

Max     Min
 

 

 

Socket head
 
 

height 
d
  

[inches] 

 

Max     Min
 

Tap 

drill 

size 

(inch, 

number, 

& letter 

drills) 

 

Clearance 

drill size 

(number 

& inch 

drills) 

8-36 ñ ñ 884  (3.93) 0.0932  (2.37) 3.4 0.196  (4.98) 7.1 ñ ñ ñ ñ 29 18 

10-24 0.1900  (4.826) M5 ³ 0.8 1 050  (4.68) 0.103  (2.61) 2.5 0.201  (5.11) 4.8 0.312 0.303 0.190 0.185 26 9 

10-32 ñ ñ 1 200  (5.34) 0.109  (2.76) 3.5 0.230  (5.83) 7.3 ñ ñ ñ ñ 21 9 

12-24 0.2160  (5.486) ñ 1 450  (6.45) 0.120  (3.05) 2.9 0.244  (6.20) 5.9 ð ð ð ð 16 2 

12-28 ñ ñ 1 550  (6.88) 0.123  (3.13) 3.5 0.261  (6.62) 7.3 ð ð ð ð 15 2 

1/4-20 0.2500  (6.350) M6 ³ 1.0 1 910  (8.49) 0.138  (3.51) 2.8 0.278  (7.05) 5.6 0.375 0.365 0.250 0.244 7 17/64 

1/4-28 ñ ñ 2 180  (9.71) 0.146  (3.71) 4.1 0.318  (8.07) 8.9 ñ ñ ñ ñ 3 17/64 

5/16-18 0.3125  (7.938) M8 ³ 1.25 3 150  (14.0) 0.177  (4.48) 3.2 0.366  (9.30) 6.6 0.469 0.457 0.312 0.306 F 21/64 

5/16-24 ñ M8 ³ 1.0 3 480  (15.5) 0.185  (4.69) 4.4 0.405  (10.3) 9.7 ñ ñ ñ ñ I 21/64 

3/8-16 0.3750  (9.525) M10 ³ 1.5 4 650  (20.7) 0.214  (5.43) 3.4 0.451  (11.5) 7.2 0.562 0.550 0.375 0.368 5/16 25/64 

3/8-24 ñ M10 ³ 1.0 5 270  (23.4) 0.226  (5.75) 5.4 0.511  (12.3) 12.3 ñ ñ ñ ñ Q 25/64 

7/16-14 0.4375  (11.112) M12 ³ 1.75 6 380  (28.4) 0.251  (6.37) 3.5 0.530  (13.5) 7.4 0.656 0.642 0.438 0.430 U 29/64 

7/16-20 ñ M12 ³ 1.25 7 120  (31.7) 0.263  (6.68) 5.3 0.592  (15.0) 11.8 ñ ñ ñ ñ 25/64 29/64 

1/2-13 0.5000  (12.700) M12 ³ 1.75 8 510  (37.9) 0.289  (7.34) 3.8 0.619  (15.7) 8.1 0.750 0.735 0.500 0.492 27/64 33/63 

1/2-20 ñ M12 ³ 1.25 9 600  (42.7) 0.305  (7.74) 6.1 0.698  (17.7) 14.0 ñ ñ ñ ñ 29/64 33/64 

9/16-12 0.5625  (14.288) M16 ³ 2.0 10 900  (48.6) 0.327  (8.30) 3.9 0.706  (17.9) 8.5 ð ð ð ð 31/64 37/64 

9/16-18 ñ M16 ³ 1.5 12 200  (54.2) 0.343  (8.72) 6.2 0.788  (20.0) 14.2 ð ð ð ð 33/64 37/64 

5/8-11 0.6250  (15.875) M16 ³ 2.0 13 600  (60.3) 0.364  (9.25) 4.0 0.790  (20.1) 8.7 0.938 0.921 0.625 0.616 17/32 41/64 

5/8-18 ñ M16 ³ 1.5 15 400  (68.3) 0.385  (9.78) 6.9 0.894  (22.7) 16.1 ñ ñ ñ ñ 37/64 41/64 
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Screw 
a
 

Size ï  

Number 

of 

threads 

per inch
 

 

 

Major Diam. 

[inches  (mm)] 

 

 

Nearest  

Standard 

Metric Size 

 

Maximum 
b
 

load 

(SS bolts) 

[lbf  (kN)]
 

 

 

Engaged length 
c
  

(SS into SS) 

[inches  (mm)]
 

 

Number 
c
 

engaged 

threads 

(SS into SS)
 

 

 

Engaged length 

 (SS into Al) 

[inches  (mm)]
 

 

Number 

engaged 

threads 

(SS into 

Al)
 

 

 

Socket head
 

diameter 
d
  

[inches] 

 

Max     Min
 

 

 

Socket head
 
 

height 
d
  

[inches] 

 

Max     Min
 

Tap 

drill 

size 

(inch, 

number, 

& letter 

drills) 

 

Clearance 

drill size 

(number 

& inch 

drills) 

3/4-10 0.7500  (19.050) M20 ³ 2.5 20 100  (89.3) 0.442  (11.2) 4.4 0.973  (24.7) 9.7 1.125 1.107 0.750 0.740 21/32 49/64 

3/4-16 ñ M20 ³ 1.5 22 400  (99.5) 0.464  (11.8) 7.4 1.09   (25.6) 17.4 ñ ñ ñ ñ 11/16 49/64 

 

Al ſ aluminum, SS ſ stainless steel 
a
 ANSI screw thread standard. 

b
 It is good practice to derate these maximum loads by about a factor of 2 safety margin. 

c
 To prevent galling and seizing, especially for stainless steel into stainless steel, use silver-plated stainless-steel bolts or coat them with MoS2.  Sources of such screws are 

listed in Appendix A1.7 under Vacuum accessories, Screws. 
d
 From R. O. Parmley, ed. (1997), Standard Handbook of Fastening and Joining, McGrawïHill.  



 

A3.5  Clearances for various types of fits 

 When machining parts that need to slip or slide over each other, the required gap varies 

with the type of fit desired and the diameter of the part.  The following table can be used as a 

rough guide.  For more critical parts, follow the detailed specifications in the Machineryôs 

Handbook (2000), Industrial Press, Inc., New York. 

 Be sure to adjust the gap for any difference in thermal contractions between the two 

materials. 

 The clearance gaps tabulated below are appropriate only for moving parts that are 

protected from repeated air exposure.  Beware of liquid air films that can freeze movable parts 

(see the tip in Sec. 1.5.1 for preventing this).  Also, the gap between a dip probe and the inner 

wall of a dewar (or the bore of a magnet) must be much larger than the clearances indicated 

below.  A 1 mm to (preferably) 2 mm gap is needed to accommodate frost that can form on 

surfaces during repeated insertion and removal of probes from a dewar.   

 

Type of Fit Approximate Gap for a 1/8
th
 inch 

(3.2 mm) diameter shaft 

[10
ï3

 inch] 

Approximate Gap for a 1 inch 

(25 mm) diameter shaft 

[10
ï3

 inch] 

Approximate Gap for a 5 inch 

(127 mm) diameter shaft 

[10
ï3

 inch] 

Running fit 0.3  1 2 

Sliding fit 0.15 0.5 1 

Push fit <0.1 <0.3 <0.4 
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A3.6 Common braze materials
 b,c,d 

 (Sec. 3.3.3) 
 

 
Braze Materials Tmelt 

[
o 
C] 

Comments Materials Commonly 

Joined 

    

35%Auï65%Cu 

50%Auï50%Cu 

82%Auï18%Ni eutectic 

990ï1010 

955ï970 

950 

 

For the first two braze materials, make gap 

0.02 to 0.08 mm (0.001 to 0.003 inch) 

(Trade name: NIORO)  For NIORO, make 

gap 0.10 to 0.13 mm (0.004 to 

0.005 inch)  

For any of the braze 

materials in this group: 

SS to SS 

and 

SS to Cu 
a
  

  

    

72%Agï28%Cu 

63%Agï27%Cuï10%In 

61.5%Agï24%Cuï14.5%In 

780 

685ï730 

630ï705 

Eutectic mixture (Trade name: CUSIL)  

(Trade name: INCUSIL 10) 

(Trade name: INCUSIL 15) 

For any of the braze 

materials in this group: 

Cu to Cu 
a
  

    

 

a
 Be aware that copper melts at about 1083 

o
C. 

b
 Available in wire, sheet, powder, and preforms. 

c
 Braze stop material (STOPYT) can be used to control unwanted flow. 

d
 Materials available from WESGO Division, GTE Prod. Corp., 477 Harbor Blvd., Belmont, CA 94022. 



A3.7  Solder: Physical properties 
a,b

 (Sec. 3.3.4)  

 Solder materials are generally ordered within each tabulated group according to melting temperature.  Additional data on the 

electrical resistivities of selected solders at 295 K, 77 K, and 4 K are given in Appendix A8.4.   

 To make strong solder joints, hold the parts together with hand pressure while the solder is still molten, until it solidifies.  For 

machined pieces, the gap between the parts should be as noted in the table, generally in the range of about 0.05 mm to 0.13 mm (0.002 inch 

to 0.005 inch). 

 Suppliers of specialty solders are given under the heading of Soldering materials in Appendix A1.7. 

 

Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 

Hard (silver) 

solder group 

(AgïCu alloys) 

        

Gap should be about 

0.05 to 0.1 mm 

(0.002 to 0.004 

inch) 

 

Fluoride flux, Borax, or 

Boric acid mixed to a 

paste with alcohol 

(Wash with hot water 

after soldering; see 

Sec. 3.3.4) 

          

 56Agï22Cuï17Znï5Sn 

(Safety Silv #56) 

618ï649 
o
C 

1144ï1200 
o
F 

 

9.21     Flows freely, ductile  

 45Agï30Cuï25Zn 

(ASTM Grade 4) 

 

675ï745 °C 

1247ï1373 °F 

     Strong  

 20Agï45Cuï35Zn 

(ASTM Grade 2) 

 

775ï815 °C 

1427ï1499 °F 

     Flows readily on 

melting 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 70Agï20Cuï10Zn 

(ASTM Grade 7) 

 

725ï755 °C 

1337ï1391 °F 

     Malleable and ductile  

 Ag 960 °C 

1760 °F 

       

          

 

Softïsolder group 

(alloys of Sn and 

Pb) 

        

Gap should be about 

0.05 to 0.13 mm 

(0.002 to 0.005 

inch) 

 

See Table 3.8 to match 

flux and metal: 

Mild: Rosin, rosin in 

alcohol, paste of 

petroleum jelly, ZnCl2 

& NH4Cl 

         Stronger, corrosive: 

ZnCl2 (Zn dissolved in 

HCl) 

         Stainless-steel flux, 

highly corrosive: ZnCl2 

with excess HCl, 

H3PO4 (after soldering, 

neutralize these fluxes 

with baking soda and 

wash with water) 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 63Snï37Pb 

(60Snï40Pb) 

183 °C 

361 °F 

8.4 11.5 50 25.0 52 Eutectic mixture, 

high quality, 

general-purpose 

solder used in 

electronics 

 

Use pure (not 

ñactivatedò)  rosin flux 

for electrical Cu 

connections, Sec. 3.3.4 

  

63Snï36.65Pbï0.35Sb 

 

183 °C 

361 °F 

      

Eutectic mixture, 

general-purpose 

solder used for 

electrical 

connections at low 

temperatures. Sb 

helps inhibit 

embrittlement and 

cracking from 

cryogenic thermal 

cycling.  

 

 

Use pure (not 

ñactivatedò) rosin flux 

for electrical Cu 

connections, Sec. 3.3.4 

  

96.5Snï3.5Ag 

 

221 
o
C 

430 
o
F 

 

7.50 

 

16.0 

 

33 

 

30.2 

 

39 

 

Eutectic mixture; 

stronger than Pbï

Sn solders (a 

common trade 

name is 

StaybriteÊ) 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 93Pbï5.2Snï1.8Ag 299 °C 

570 °F 

     Used for electrical 

connections when a 

higher melting 

temperature is 

needed.  Low Sn 

helps inhibit 

embrittlement and 

cracking from 

cryogenic thermal 

cycling.  

 

Use pure (not 

ñactivatedò) rosin flux 

for electrical copper 

connections, Sec. 3.3.4 

  

97.5Pbï1.0Snï1.5Ag 

 

 

309 °C 

588 °F 

      

Eutectic higher-

melting- 

temperature solder; 

widely used in 

semiconductor 

assembly 

 

 

 92.5Pbï5Inï2.5Ag 

 

300ï310 °C 

572ï590 °F 

11.02 5.5 25 25.0 31 Higher-melting-

temperature solder 

with minimal Au-

leaching properties 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

  

95Pbï5Sn 

 

308ï312 °C 

586ï593 °F 

 

11.06 

 

8.8 

 

23 

 

30.0 

 

28 

 

Low-cost high-

melting 

temperature solder.  

Not recommended 

for Ag- or Au-

plated parts 

because Sn 

aggressive 

dissolves Ag and 

Au films 

 

 

Specialty solder 

group 

 

         

Solders 

compatible with 

drinking water 

95.5Snï3.5Cuï1Ag
 b
 

 

214ï228 °C 

417ï442 °F 

     Pb-free solder for 

potable water Cu 

pipes; flows well 

 

Any of the mild fluxes 

 

Solders for 

aluminum 

 

10Snï90Zn 

 

 

199 °C 

390 °F 

 

7.27 

 

15.0 

 

61 

  

55 

 

Solders Al; eutectic 

with lowest melting 

temp. 

 

 

Reaction flux: contains 

ZnCl2, tin chloride, or 

both; must be heated to 

280ï380
o
C to work. 

  

60Snï40Zn 

 

199ï340 °C 

390ï644 °F 

 

      

Solders Al; low 

melting temp.  

 

 

Reaction flux 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 95Znï5Al 382 °C 

720 °F 

6.6     Solders Al; high joint 

strength 

 

Reaction flux; no flux 

needed for electronic 

applications 

 

Solders for thin 

noble-metal films 

66.3Inï33.7Bi 72 °C 

162 °F 

 

7.99     Eutectic; very low 

melting 

temperature solder 

for thin Ag or Au 

films and 

contacting high-Tc 

superconductors; 

low strength 

 

Mild ZnCl2 solution for 

soldering to Cu; no flux 

needed for Ag if 

surfaces are freshly 

made and clean 

 

 97Inï3Ag 143 °C 

290 °F 

7.38 23.0 73 22.0 5.5 Eutectic;  low 

leaching solder for 

thin Ag or Au films 

and contacting 

high-Tc 

superconductors 

 

Mild ZnCl2 solution for 

Cu; no flux needed for 

Ag if surfaces are 

freshly made and clean 

 

 

Solders for 

difficult -to-solder 

materials 

 

52Inï48Sn 

 

118 °C 

244 °F 

 

 

7.30 

 

11.7 

 

34 

 

20.0 

 

11.8 

 

Eutectic; low melting 

temperature; higher 

yield strength; Sn 

leaches Ag or Au 

films  

 

 

Mild ZnCl2 solution for 

Cu 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 50Inï50Sn 

 

116ï126 °C 

241ï259 °F 

 

7.30 11.7 34 20.0 11.8 Wets glass readily.    

  

In 

 

 

157 °C 

315 °F 

 

7.31 

 

24.0 

 

86 

 

29.0 

 

1.9 

 

Low strength; wets 

glass 

 

 

No flux needed for 

wetting glass, but clean 

surfaces required; mild 

ZnCl2 flux needed for 

soldering to Cu-based 

materials 

  

62Snï36Pbï2Ag 

 

 

179 °C 

354 °F 

 

 

8.41 

 

11.9 

 

50 

 

27.0 

 

44 

 

Eutectic; higher 

strength, moderate 

melting-

temperature solder 

 

 

Solders for low 

thermoelectric 

voltage 

70.44Cdï29.56Sn       Very low thermo-

electric power with 

respect to copper 

near room 

temperature.  

Contains cadmium, 

whose fumes are 

TOXIC. 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

  

97Inï3Ag 

 

143 °C 

290 °F 

      

Eutectic;  a NON-

TOXIC alternative 

to low-thermo-

electric-voltage 

Cd-based solder; In 

and Ag have 

thermoelectric 

powers close to 

Cu; stronger than 

pure In 

 

 

Mild ZnCl2 solution for 

soldering to Cu 

 

Very low melting-

temp. solder 

group 

(Alloys of Bi with 

Pb, Sn, Cd, and 

In) 

        

As a class, Bi-based 

solders expand on 

solidification and 

are weak and 

brittle. 

 

 

Corrosive ZnCl2 solution 

usually required; pre-

tin parts at higher temp. 

(>~ 300
 o
C) to activate 

flux 

 

 49Biï18Pbï12Snï21In 58 °C 

136 °F 

9.01 2.43 10 23.0 43 Eutectic alloy; 

expands slightly on 

solidification and 

then shrinks slowly 

over several hours. 
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Solder Composition 

[percent by weight] 

Melting 

Temperature 

Mass 

Density
 a 

[g/cm
3
] 

Electrical 

Cond.
a 

[% of Cu] 

Thermal 

Cond.
a 

@ 85
o
C 

[W/mĀK] 

Thermal 

Coef. of 

Expansion
a
 

@ 20
o
C 

[10
ï6

]  

Tensile 

Strength
a
 

[MPa] 

Comments Flux 

 50Biï25Pbï12.5Snï

12.5Cd 

(Woodôs metal) 

 

65ï70 °C 

149ï158 °F 

9.60 3.1   31 Contains Cd, whose 

fumes are TOXIC. 

Similar to Ostalloy® 

158 

 

 

 50Biï26.7Pbï13.3Snï

10Cd 

(Cerrobend) 

 

70 °C 

158 °F 

9.58 4.0 18 22.0 41 Contains Cd, whose 

fumes are TOXIC. 

 

  

66.3Inï33.7Bi 

 

72 °C 

162 °F 

 

 

7.99 

     

Eutectic; very low 

melting 

temperature solder 

for thin Ag or Au 

films and 

contacting high-Tc 

superconductors; 

low strength 

 

 

Mild ZnCl2 solution 

 

 55.5Biï44.5Pb 

(Cerrobase) 

 

124 °C 

255 °F 

10.44 4.0 4  44 Contracts slightly on 

solidification 

 

 
a
  Indium Corp. of America, http://www.indium.com/ 

b
  J. Ross (2002), Canfield Corp., personal communication



 

A3.8  Solder fluxes for soft-soldering common metals and alloys
 a
 (Sec. 3.3.4)

 

 

        Material 

 

 

Flux 

 

 Mild
 b
 Corrosive

 c
 Special Flux 

and/or Solder
 d
 

    

Aluminum   ¶ 

AluminumïBronze   ¶ 

Beryllium Copper  ¶  

Brass ¶ ¶  

Copper ¶ ¶  

CopperïChromium  ¶  

CopperïNickel  ¶  

CopperïSilicon  ¶  

Gold ¶   

Inconel ¶   

Lead ¶ ¶  

Magnesium   ¶ 

Monel  ¶  

Nickel  ¶  

Nichrome   ¶ 

Platinum ¶   

Silver ¶ ¶  

Stainless Steel   ¶ 

Steel  ¶  

Tin ¶ ¶  

TinïZinc ¶ ¶  

Zinc  ¶  

 
a
 Information from J. F. Smith and D. M. Borcina, Lead Industries Assoc., Inc., New York, New York. 

b Mild fluxes: rosin, rosin in alcohol, paste of petroleum jelly, zinc chloride, or ammonium chloride.  After soldering, 

wash away flux with a solution of soap and water, or isopropanol.  Be aware that fluxes other than pure rosin,  

or rosin dissolved in alcohol, will leave chloride residues trapped in the solder that eventually react with 

ambient moisture to form hydrochloric acid, which attacks electronic circuits and perforates thin (0.1 mm) 

stainless-steel tubing.  For soldering copper electronic circuitry, use only pure rosin flux, not ñactivatedò rosin 

flux or pastes.  See Sec. 3.3.4 for more information. 
c
 Corrosive flux: zinc-chloride solution  (zinc dissolved in hydrochloric acid).  After soldering, wash away flux with 

water or isopropanol; then neutralize the pH by blotting the area with a baking-soda/water solution or 

ammonia/detergent/water solution. 
d
 Special Flux and/or Solder:  Appendix A3.7 has information on highly-corrosive stainless-steel soldering fluxes as 

well as types of solders and fluxes that work with aluminum.  After soldering, wash away corrosive acid fluxes 

with water or isopropanol; then neutralize the pH by blotting the area with a baking-soda/water solution or 

ammonia/detergent/water solution. 
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A3.9  Solder: Superconducting properties
 a
 (Sec. 3.3.4) 

 Tc ſ superconducting transition temperature of the solder 

 Hc ſ superconducting critical field of the solder 

 
Solder 

[wt%] 

Tc  

[K]  

Hc (1.3K) 

[T]  

Melting Temperature  

[
o
C] 

    

60Snï40Pb 7.05 0.08 182ï188 

50Snï50Pb 7.75 0.20 182ï216 

30Snï70Pb 

 

7.45 0.15 182ï257 

95Snï5Sb 

 

3.75 0.036 232ï240 

50Inï50Sn 7.45 0.64 117ï125 

50Inï50Pb 

 

6.35 0.48 180ï209 

97.5Pbï1.0Snï1.5Ag 7.25 0.11 309 

 
a
 From W. H. Warren and W. G. Bader (1969), Rev. Sci. Instrum. 40, 180ï182. 
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A3.10  Sticky stuff for cryogenic applications (Sec. 3.3.5)  

 

Material 

 

 

Application and comments 

  

Epoxies 

 

 

Araldite
 
Type 1 Ó 

a
 

 

 

Eccobond 2 Ó 
b Low-viscosity, unfilled epoxy.  Robust and good adhesion at cryogenic 

temperatures. 

 

Scotch-Weld DP-460Ó 
c 

 

High performance urethane, two-part epoxy, Duo-PakÊ cartridge. 

Silver-based epoxy 
d 

Electrically and thermally conductive epoxy. 

 

Stycast 1266Ó 
e Low-viscosity, unfilled epoxy.  High thermal expansion, but thin films of 

this epoxy do not crack and provide good adhesion at cryogenic 

temperatures.  Crack resistance can be improved by heating to 90
 o
C for 

4 h after epoxy has hardened.   

 

Stycast 2850 FTÓ 
e
  High-viscosity epoxy; filled with silica powder to provide a low thermal 

expansion matching that of copper. 

 

Tapes 

 

 

Fiberglass Electrical Tape Tough under cryogenic cycling and withstands cycling to higher-

temperatures when soldering. 

 

KaptonÓ Tape A robust tape, well suited for providing tough, durable electrical insulation 

between cryostat parts. 

 

Masking Tape 

 

All -purpose tape.  The adhesion improves with thermal cycling.  Tape 

becomes brittle with age and eventually becomes difficult to remove. 

 

MylarÓ Electrical Tape (3M #56ä, 

ñyellowò tape)
f
   

Maintains adhesion better than KaptonÓ tape upon cryogenic cycling, but 

thinner (10
ï3

 inch) and therefore better suited for applications where 

strength is not paramount.  Commonly used for electrically isolating 

samples from Cu sample holders.  Dielectric strength is 5500 V.  
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Material 

 

 

Application and comments 

TeflonÓ Pipe-thread Tape 

 

Excellent for wrapping wires to supports structure for mechanical support, 

or fastening samples to sample holders, especially where you do not want 

to deal with sticky tape that is hard to remove.  For the same reason, this is 

also the best tape for corralling fine delicate wires.  To protect small wires 

from mechanical damage, place a layer of tape under the wires as well as 

over them when wrapping them to a support structure.    

Varnish and Glues 

 

 

BostikÓ Multibond Glue 
g
  

 

All -purpose glue that holds well at cryogenic temperatures. Easier to work 

with if thinned with acetone or methyl-ethyl-ketone. 

 

DucoÓ Household Cement (model-

airplane glue) 

All -purpose glue that survives thermal cycling well.  Can be thinned or 

removed with acetone.  Not good for wires because the acetone dissolves 

varnish insulation.  Good for sticking samples to the sample rod in a 

vibrating sample magnetometer. 

 

IMI 7031Ó varnish (formerly GE 

7031Ó) varnish 
h
 

Easier to work with if thinned to the consistency of water with ethanol 

(acetone also acts as a thinner, but it makes the varnish stringy and eats 

wire insulation).  Baking the varnish under a heat lamp decreases drying 

time.  

 

LoctiteÊ 
i 

 

Low viscosity adhesive used in machine shops as a substitute for lock nuts, 

interference fits, or silver soldering.  Good for securing tight-fitting metal 

parts.  Cures at room temperature, but can be loosened by moderate 

heating with a torch.  Works OK at cryogenic temperatures. 

 

White Shellac 

 

Useful for adhering sapphire to sapphire. 

Miscellaneous 

 

 

ApiezonÓ Black Wax 
j Meltable adhesive. 

 

Beeswax, and Alox 350Ó 

(Tmelt=38
 o
C to 43

 o
C), and Alox 

2138FÓ (Tmelt=71
 o
C)

k
 

 

Low-strength fillers.  Although they yield at low stress, they are sometimes 

useful as magnet-coil filling agents to minimize the probability of thermal-

runaway events that can otherwise result from microfracturing of epoxies 

used to impregnate superconducting coils.   

 

BluTackÓ 
l
 

 

A gummy clay-like adhesive for generally attaching leads to support 

structures or mechanically holding almost anything in place. 

 

Dental Floss (waxed or no-wax) Excellent for tying things together (like samples to samples holders) and 

overwrapping fragile instrumentation leads wound onto heat sinks.  Waxed 

floss is a little easier to stick in place during wrapping and tying. 
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Material 

 

 

Application and comments 

Silver paste
 d 

Electrically and thermally conductive weak adhesive. 

 

 

Suppliers of specialty materials include: 
a
 Ciba Specialty Chemicals Corp, 4917 Dawn Ave., East Lansing, MI 48823, Tel. 517-351-5900, Fax 517-351-9003, 

http://www.araldite.com/ 
b
 Emerson and Cuming Corp., http://www.emersoncuming.com/ 

c
 3M, http://www.3M.com/; distributed by MSC Industrial Supply, PN: 65861684, (Duo-Pak cartridge PN: 

65861569), Tel. 800-645-7270, http://www.mscdirect.com/; or McMasterïCarr Supply Co., PN: 7467A26, 

http://www.mcmaster.com/ 
d
 Ted Pella, Inc., P.O. Box 492477, Redding, CA 96049-2477, Tel. 800-237-3526; Fax. 530-243-3761, 

http://www.TedPella.com/ 
e
 Emerson & Cumming, http://www.emersoncumming.com/ 

f
 Essex Brownell Inc., 4670 Shelby Drive, Memphis, TN 38118, Tel. 800-805-4636, Fax. 219-461-4165; or from 

http://www.mpsupplies.com/3mtape56.html 
g
  Bostik Pty. Ltd., 51ï71 High Street, Thomastown, Vic., Australia 3074, Tel 3-465-5211 

h
  Insulating Materials Inc., 1 W. Campbell Rd., Schenectady, NY 12306, Tel. 518-395-3200, Fax. 518-395-3300; 

small quantities available from Lake Shore Cryotronics, Westerville, OH 43081, Tel. 614-891-2244, Fax. 

614-818-1600, http://www.lakeshore.com/ 
i  Loctite, a Hendel Company, http://www.loctite.com/ 
j
  Apiezon Products, M&I Materials Ltd., P.O. Box 136, Manchester, M601AN, England. Tel. +44 161 875 4442, 

http://www.apiezon.com/ 
k
  Alox Corp., Niagara Falls, NY 

l
  Bostik Findley, http://www/bostikfindley-us.com/ 

http://www.mpsupplies.com/3mtape56.html
http://www.lakeshore.com/
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A3.11  Slippery stuff for cryogenic applications 

 

 

Material 

 

 

Application and comments 

  

Lubricant  coatings 

 

 

Graphite  

 

Available as dry powder or spray-on coatings 

Molybdenum disulfide Spray coatings; good for higher forces 

 

Teflon
 
Ê Spray coatings, low coefficient of friction 

 

Thicker lubricant coatings 

 

 

Emralon
 
® 

a 
Flurocarbon lubricant in an epoxy mixture for thicker lubricating coatings 

or for making cast parts with a low coefficient of friction 

 

Bearing materials 

 

 

Kel-F
 
Ê  

b
 Polychlorotrifluoroethylene.  Stronger than Teflon

 
Ê 

 

Nylon Ê Stronger than TeflonÊ, but higher coefficient of friction 

 

Teflon
 
Ê 

 

Polyamide, low coefficient of friction, but softer than other materials 

TeflonÊ materials reinforced with NylonÊ, fiberglass and other materials 

 

Flurogold
 
® 

c 

 

Reinforced TeflonÊ 

Parmax ® 
d 

High strength polymer, similar uses as Torlon Ê 

 

Rulon
 
®

 
 
b 

Teflon reinforced with Nylon, fiberglass, or other materials; available in 

various formulations.  Type J has the lowest coefficient of friction of the 

Rulon® series. Applications include retainer rings for cryogenic ball-

bearing raceways. 

 

Teflon-coated Kapton
 
Ê 

e 
Useful, for example, as a cryogenic gasket material since the TeflonÊ 

coating deforms for good sealing, but the stronger KaptonÊ base keeps 

the gasket from extruding. 
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Material 

 

 

Application and comments 

Torlon
 
Ê 

e 
PolyAmide-Imide (TeflonÊ-KaptonÊ combination) high strength 

polymer used for wear and friction parts.  Capable of performing under 

continuous stress at temperatures to 260°C.  Low coefficient of linear 

thermal expansion and high creep resistance provide good dimensional 

stability.  Available as sheet, rod, or tube. 

 
a
 Acheson Colloids Co., http://www.achesonindustries.com/ 

b
 San Diego Plastics, Inc., http://www.sdplastics.com/ 

c
 Granor Rubber and Engineering, http://www.granor.com.au/, Conroy & Knowlton Inc., 

http://conroyknowlton.com/materials.htm 
d
 Mississippi Polymer Technologies, http://www.mptpolymers.com/ 

e
 Boedeker,  http://www.boedeker.com/ 
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A3.12  Degassing rates of synthetic materials 
a
  (Sec. 3.8.3)   

 Degassing rates of metals are given in Fig. 3.18. 

 
Material Degassing rate at room 

temperature before baking  

[PaĀm
3
Ās
ï1
Ām
ï2

] 

Baking temperature  

[
o
C] 

Degassing rate at room 

temp. after 24 h bake 

[PaĀm
3
Ās
ï1
Ām
ï2

] 

    

Araldite ATIÓ epoxy 
b
 3.4 ³ 10

ï4
 85 ð 

MycalexÓ 
b
 2.7 ³ 10

ï6
 300 ð 

Nylon 31Ó 
b
 1.1 ³ 10

ï4
 120 8.0 ³ 10

ï7
 

PerspexÓ 
b
 1.3 ³ 10

ï5
 85 7.8 ³ 10

ï6
 

PolytheneÓ 
b
 4.0 ³ 10

ï4
 80 6.6 ³ 10

ï6
 

PTFE (TeflonÓ)
 c

 2.0 ³ 10
ï4

 ð 4.7 ³ 10
ï7 a

 

Viton AÓ 
b
 1.3 ³ 10

ï4
 200 2.7 ³ 10

ï6
 

Polyimide (KaptonÓ) 
d
 ð 200* 6.6 ³ 10

ï8
 

 ð 300* 4.0 ³ 10
ï8

 

KalrezÓ 
e
 ð 300 4.0 ³ 10

ï8
 

Viton E60CÓ 
e
 ð 150 ~1 ³ 10

ï6
 

 ð 300 3.0 ³ 10
ï8

 

 

* 12 h bake 
a
 Compiled by G. F. Weston (1985), Ultrahigh Vacuum Practice, Butterworth, London. 

b
 R. S. Barton and R. P. Govier (1965), J. Vac. Sci. Tech. 2, 113. 

c
 B. B. Dayton (1959), Trans. 6

th
 Nat. Symp. Vac. Technol., I, p. 101. 

d
 P. W. Hait (1967), Vacuum 17, 547. 

e
 L. DeChernatony (1977), Vacuum 27, 605. 
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A3.13  Vapor pressures of metals 
a 
 (Sec. 3.8.3) 

 Tabulated values in the three right-hand columns are expressed as the temperature 

required to produce the vapor pressures indicated at the head of each column.   

 These data are plotted in Figs. 3.19a and 3.19b. 

 

Metal Melting 

Temperature [K] 

Temperature [K] giving a vapor pressure P 

    P = 1.33³10
-9
 Pa           P = 1.33³10

ï7
 Pa           P = 1.33³10

ï5
 Pa  

     

Ag   Silver 1234 721 800 899 

Al    Aluminum 932 815 906 1015 

Au   Gold 1336 915 1020 1150 

Ba   Barium 983 450 510 583 

Be   Beryllium 1556 832 925 1035 

C   Carbon ð 1695 1845 2030 

Ca   Calcium 1123 470 524 590 

Cd   Cadmium 594 293 328 368 

Ce   Cerium 1077 1050 1175 1325 

Co   Cobalt 1768 1020 1130 1265 

Cr   Chromium 2176 960 1055 1175 

Cs   Cesium 302 213 241 274 

Cu   Copper 1357 855 945 1060 

Fe    Iron 1809 1000 1105 1230 

Ge   Germanium 1210 940 1030 1150 

Hg   Mercury 234 170 190 214 

In    Indium 429 641 716 812 

Ir    Iridium 2727 1585 1755 1960 

K    Potassium 336 247 276 315 

La   Lanthanum 1193 1100 1220 1375 

Mg   Magnesium 923 388 432 487 

Mn   Manganese 1517 660 734 827 

Mo   Molybdenum 2890 1610 1770 1975 

Na   Sodium 371 294 328 370 

Ni    Nickel 1725 1040 1145 1270 

Pb   Lead 601 516 580 656 




