APPENDIX DATA TABLES FROM

EXPERIMENTAL TECHNIQUES FOR LOWTEMPERATURE MEASUREMENTS:

Cryostat Design, Material Properties, and Superconductor Criti€alrrent Testing

JACK W. EKIN
National Institute of Standards and Technology
Boulder, Colorado

Published by Oxford University Press
First Printing 2006, Second Printing 2007, Third Printing 20@arth Printing 2011



-2-

Appendix Table of Contents

Data Handbook of Material Properties and Cryostat Design
Each section is keyed to the chapter of the corresponding number.

Use fAControl FO to rapidl.)

1 General information and cryogen properties

All
Al.2
Al.3
Al4
Al.5

Al.6a
Al.6b
Al.7

2 Heat transfer

A2.1
A2.2
A2.3

Termi abbreviationi acronym decoder

Fundamental constants

S| conversion factors

Magnetic units: equivalency table

Properties of common cryogenic puids

4
Cooling power data for He, H2, and N2

Cooling power data: Amount of cryogenic

Suppliers of specialty parts and materials

Thermal conductivity integrals for technical cryostat materials

Emissivity of technical materials at a wavelength of about 10 um (room temperature)

Heat conductance across solid interfaces pressed together

3 Cryostat construction

A3.1

A3.2
A3.3
A3.4
A3.5
A3.6
A3.7
A3.8
A3.9
A3.10
A3.11
A3.12
A3.13
A3.14

High-thermal-conductivity construction-metal properties: RRR, thermal conductivity,
and electrical resistivity

Heat conduction along thin-walled stainless-steel tubing
Pipe and tubing sizes
Screw and bolt sizes, hexagon socket-head sizes, and load limits

Cl

earances for various types of yts

Common braze materials
Solder: physical properties

Sol

der p u xselderinf adommos médtals and alloys

Solder: superconducting properties

Sticky stuff for cryogenic applications

Slippery stuff for cryogenic applications

Degassing rates of synthetic materials

Vapor pressures of metals

Gas permeation constant at room temperature for synthetic materials

4 Cryogenic apparatus wiring

A4.la
A4d.1b
A4.2
A4.3
Ad4.4
A4.5
A4.6a
A4.6b
A4.7

Wire gauge size, area, resistivity, heat conduction, and optimum current
Wire gauge: Metric and American Wire Gauge (AWG) size comparison
Physical properties of common wire materials

Residual resistance ratio (RRR) of selected wiring and conductor materials
Wire insulation: thermal ratings

Thermal anchoring: required wire lengths

Thermoelectric voltages of some elements relative to copper
Thermoelectric voltages of selected technical materials relative to copper
Thermal conductivity of YBCO-coated conductors

5 Temperature measurement tables and controller tuning

A5.1
A5.2

Vapor pressure vs. temperature (ITS-90) for cryogenic liquids
Properties of cryogenic thermometers (~1 7 ~300 K)

buid

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



-3-

A5.3a Platinum thermometer resistivity vs. temperature above 70 K

A5.3b Platinum thermometer resistivity vs. temperature below 70 K

A5.4  Diode and thermocouple voltage-vs.-temperature tables

A55 Magneticcy el d correction factors for platinum resi
A5.6 Magneticcy el d corr ecti on iforycittide resstaficethernminagtecso ni u m

A5.7  Temperature-controller tuning with the Ziegleri Nichols method

6 Properties of solids at low temperature

A6.1  Elements: physical properties at room temperature

A6.2 Speciyc heat vs. temperature for technical ma

A6.3  Debye model values of the molar heat capacity and molar internal
energy as a function of temperature

A6.4  Thermal expansion/contraction of technical materials

A6.5a Ideal electrical resistivity vs. temperature for pure metals

A6.5b Total electrical resistivity vs. temperature for technical alloys and common solders

A6.6  Superconductor properties

A6.7  Thermal conductivity vs. temperature for selected metals, alloys, glasses, and polymers

A6.8a Magnetic mass susceptibility from 1.6 K to 4.2 K of materials commonly used in
cryostat construction

A6.8b Magnetic volume susceptibility at 293 K, 77 K, and 4.2 K of structural materials
commonly used in cryostat construction

A6.8c Ferromagnetic traces at 4.2 K induced by welding and cyclic cooling of
austenitic stainless steels

A6.9  Composition of austenitic stainless steels, nickel steels, and aluminum alloys

A6.10 Mechanical properties of structural materials used in cryogenic systems

7 (i) Specialized resistivity measurement methods

A7.1  Sheet-resistance measurementofunpatterned yl ms

A7.2  van der Pauw method for measuring the resistivity and Hall mobility in
pbat i sotr oparbitrargshape | es of

A7.3  Montgomery method for measuring the resistivity of anisotropic materials

(i) Sample-holder material properties

A7.4  Sample-holder materials: thermal contraction on cooling to liquid-helium and
liquid-nitrogen temperatures
A7.5  Superconductor materials: thermal contraction on cooling to liquid-helium
and liquid-nitrogen temperatures
A76 Thin.yl m substrate materials: thermal conduct
A7.7  Ultrasonic wire-bond material combinations

8 Sample contacts

A8.1  Overview of contacts for low-Tc and high-Tc superconductors
A8.2  Contact methods for voltage and current connections to bare YBCO superconductors
A8.3  Optimum oxygen-annealing conditions for silver and gold contacts
to Y-, Bi-, and Tl-based high-Tc superconductors
A8.4  Bulk resistivity of common solders, contact pads, and matrix materials
A8.5a Argon ion milling rates of elements
A8.5b Argon ion milling rates of compounds

10 Critical-current analysis parameters
A10.1 Effective critical temperature T*c(B)

A10.2a Scaling parameters for calculating the magnetic-y el d, strain, and tempel
dependence of the critical current of low-Tc superconductors
A10.2b Summary of scaling relations for utilizing the scaling parameters in Appendix 10.2a

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



-4-

PREFACE
Der Teufel legt im Detail

When | started lowwiemperature experimental work in graduate school and wanted to

know Ahow to do it, o | was struck by the abbr
publications that simply stated the sample was mounted in thepiestatus, leads were
attached, and the measurement made. But try

Somehow the vital bits of experimental knivw do not get into print, the specifics of how to
do it yourself. This book starts to ansveeme 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 | wish | had been told when | began.

This text is not about how to perforthe vast array of cryogenic measurements; that is an
extensive topic covered in many specialized references. Rather, it islabmntechniques
commorto most measurement cryostats; the appendixes provide mapedpésty data for
carrying out thadesign.

The mantra for this book is that it beeful 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 (thabtithermally contract and rip the
rig apart, or embrittle and snap), making hegrality electrical contacts to a superconductor (that
avoid thermal runaway), and making a criticalrent 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 thistspoccasionally share a few of
my own mistakes, because | think a lot can be learned from whanhdbegsrk.

Audience: The main text is written for specialists, but it also includes introductory
material. Thus, it would be useful for a wide ranfexperimentalist® graduate 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 30DK) measurement systems, with special emphasis on superconductor
critical-current measurements.

Datahandbook: The extensive appendix is a data handbook for cryostat design and
measurements. It was written for specialists in the field of cryogenisurmeaents 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 cents are listed on the inside back cover and
include:

1 Electrical, thermal, magnetic, thermoelectric, expansion, specific heat, mechanical, and
vacuum properties of cryostat materials
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1 Data on cryogenic liquids

1 Thermometer properties and standardbcation tables

1 Properties of construction parts and materials: pipes, tubing, bolts, wire, brazing compounds,
solders, fluxes, and sticky stuff

1 Suppliers of hardo-find parts and materials

Up front, | want to emphasize that this is not a review ofitheature. Itis a
compendium of information that | have freely edited and reduced to the bare bones. On most
subjects, | have also taken the license to express my opinion of what | like, along with the ideas
of trusted associates. When | start leagra new area, | do not want to know all the possibilities
in great detail; rather, | would like a road map based on the subjective thoughts of someone who
has been there, so | can get started. On the other hand, | do want complétefiedsgference
tables and figures so | can return to other possibilities after | 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 A5.2irbilte main text (Chapter 5) |
recommend which thermometer | 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 othpossible 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.

| hope this stejby-step integrated approach, the examples, and the collection of appendix
data on technical materials will take some of the devil out of the details.

JW.E

Sydney, Australia
Boulder, Colorado
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DISCLAIMER
Trade namegroducts, 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

Enlargedigures, table updates, and additional information are available at
www.ResearchMeasurements.cQomments, suggestions, or consultation enquiries can be
sent to Dr. Jack Ekin diackEkin@ResearchMeasurements.com
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EXCERPT FROM INTRODU CTION: ORGANIZATION OF B OOK

1. INTRODUCTION TOMEASUREMENT CRYOSTAT AND COOLING METHOLs

Everything should be made as simple as possible, but not simpler.
T ALBERT 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, | tried to dedigrtunmed into
a Acameélb faschemen defined as a Ahorse put t o
cryostats can range anywhere from a simple staistess tube (or even a wooden stick) for
dipping a sample in liquid helium, to complex systems with multiple vacuum jacketsaht
variable temperature control, and radiation windows. In generdirtipterthe 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 measurdésnen
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 tinse #&melrigs, which evolve,
are usually onef-a-kind affairs. There just is not enough time or return on investment to
perform a fultfledged production i ne engi neering desi gn.-of So, ¢
thepant so de s i g mrrimentallspirit, vehsemetinresihave & xnpke 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 domedesign, especially heatr ansf er cal cul ati on:
s mpl e as possi bTheprocessusa compromise.i (@enkerally, wedphysicists
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 ngubstitute for selecting construction materials appropriate to the task.
Once arig 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 thermahctatr
coefficient. So, some dijpont thinking about material properties can preclude a lot of problems
down the road. The text includes an extensive appendix of tabulatetamséer data,
materialsselection data, and construction information neéddedr cr yost at desi gn.
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some effort to supply theeference souref or each material 6s dat a,
source for more information.
This book is about the design process and construction techniques t@harerto

most neasurement 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 andctiomstinat are nearly
universab the challenge of cooling samples and accurately controlling their temperature
throughout the cryogenic range under a wide variety of current, magje&ticand mechanical
conditions. Additional reading on related subjegtgiven in the~urther-readingsection at the
end of each chapter.

1.1.1 Organization of the book

Contents of this book proceed frayaneral to specificThe first six chapters (Part I)
present experimental techniques that apply generatlgytstat desigrandmaterials selection.
The next two chapters (Part Il) focus on mounting and making electrical connections to samples
for transportmeasurements. The last two chapters (Part 1ll) narrow the focus still further and
apply the information inhe early chapters to one specific transport measureoréital
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 tabletdata in theppendix(The data tables are collected in the
appendix for easy loelp later). Appendixes 1 through 10 parallel Chapters 1 through 10 and
represent the information | have always wanted assembled in one place when designing a new
test rig In some sense, the appendixes represkimtralized lab wallthat is, an assemblage of
material that in many cases | have literally taken off the walls of our laboratories, since they were
hanging there for good reason (usually).

Part I: Cryostat Desin and Materials Selection

Chapter 1 is mainly aexamplechapter, presenteat the beginningo 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\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 cryogetbniques The order of presentation
is that of the four steps bually follow to design and build a measurement rig, or to attach a
sample to the cold stage of a cryocooler. First,-traasfer 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 renemafsansaying on a

S

0

sign in a factory where a friend worked, and | have never forgottén@ut t o fit, bend

paint tobt coveply i mplies that in the end you
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it work, 0 t o dting, and tetodlify & takegt getgood daig., It afsd means

running reality checks to build confidence 1in
Chapter 6 and the accompanying appendix tables descatszial propertiesat

cryogenc temperatures. Whereas Chapter 3 presprndelinesfor choosing construction

materials, Chapter 6 looks at tpleysicsof material properties at low temperatures, giving

detailed graphs of properties and tables of datxifal,electrical magneticandmechanical

handbook values).

Part II: Electrical Transport MeasuremeritsSample Holders and Contacts

Chapters 7 and 8 focus tmansportmeasurements of both bulk and tfilm samples.
These measurements are given special emphasis becauselailgege otample mounting
andconnectionsvhenelectricalcurrent needs to be introduced into the test sample. The details
of sample holders and contacts are the Achilles heel of such measurementscasffia#nts,
critical current, or thermeledric coefficients. Poor sampleolder design and contact
techniques have | ed to more fAunusual 06 effects
any other factor | know.

Part Ill: Critical -Current Measurements and Data Analysis

Finally, in Chapter® and 10, we look specifically at superconductor criacatent
measurements, which serve to illustrate in a practical way the application of Parts | and II.
Although we focus in detail on the measurement of critical current, many of the topics in
Chagpers 9 and 10 have application to a wide variety of other cryogezasumements. This
measuremergrovides a rich example of problem solving, including procedures for initial
equipment checkout, troubleshooting, automatic data acquisition, reality caadkdetailed
data analysis.

So, that is the organization of the bdogeneral cryostat design and construction
techniques in the first half, followed by a focus on transport measurements andauitieat
testing in the second half. The matewathin each chapteis also organized to proceed from
generatopicsin 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 loo&t 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, | have included in this introductory chaphkecklistof questions
intended (Sec. 1.3.1) to lead you quickly to information about your specific appahatiesailed
index and tables of contents for both the main text and appendixes are provided for quick
navigation. (The lag¢r is located on the side 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 nse@ement apparatus aadathema. The last step in the cryostat
designrand-construction pocess is running experimentahlity checkon 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

(butignorilg s ome fl aw in the apparatus or measur e me
has to be dealt with, wastes everybodyods ti me
pollution. o | t check thecapparatus @sng (Standardpshples with t o

known properties Any new apparatus should yield not only approximately the right results, but
exactyt he ri ght results. Itds i ncumbent on us t

hysteresis, and so on, before it hurts us iroeendifficult situation.

My experience is that theoreticians usually take published experimental data at face value
and, given enough time and desire, they canrfindels to explain experimental artifactd/e
know our apparatus and experimental procedike no one else. So it pays to think about

simple alternative explanations, especially f
A reputation is a fragile thing. The more unusual the results, the greater the caution
needed. As Car | Sagan nosf treeng us aied ,e xit B xatorr ada rndair

1.1.3 Extra items

Experimental tips:From time to time, | 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
mater. These are indented and flagged by a little poidigr (

Two addendaare included at the end of Chapter 1:

1 Safety (Sec. 1.6:1)his list is a genuine sharing of a few cryogenic
situations where we have gottemoirouble. You might as welldow up
front what doesiotw o r k . AThose who do not | earn
to repeat it. o
1 Transferring cryogenic liquids (Sec. 1.6.2)his essential skill is nontrivial;
it usually takes many mistakes to become proficient. There is no subfditut
having someone knowledgeallatchyou 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 andeeggdly in Chapter 10, to indicasetsof
intercomected 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 aibéuitousacronyms is givem
the first appendix (Appendix A1.1).
I n this vein, | et me mention that | have u
describe the apparatus or insert that holds samples for measurements. More generally, the term
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cryostat can also refer tbe inserplusthe vacuurm nsul at ed container, ofr
cryogenic liquids. However, dewars are not the focus of the book, because efficient, we

designed dewars are available commercially. Other more colloquial terms | have used to
descbe t he measurement cryostat are: Apr obe,
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APPENDIXES

DATA HANDBOOK OF MAT ERIAL PROPERTIES AND CRYOSTAT DESIGN

The following tablegprovidehandbook data for cryostat design and measurements. In
many cases the tables serve as a realiigction ofgeneral design informatiofor quick
reference, including Sl conversion factors sorted by function, cooling power data, suppliers of
specialty parts, heat conduction down stainitesl tubing, strengths of bolts, metric
equivalents, vacuurdesign data, wire properties, magnetigrection factors for thermometers,
and so on. In other cases, the tables provide a convenientaadanal selectionpresenting, at
a glance, a condensed overview of the temperature dependence of the prapadies
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 Internesaiatees 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, propestof solids, sample holders, contacts, arding
with information useful focritical-current analysis. The text sections indicated in parentheses
with each appendix table contain specific information on the application and interpretation of the
data inthat table.
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Al. General information and cryogen properties (ref. Chapter 1)

Al.1 Termmabbreviationacronym decoder

When starting in a new field, the jargon can sometimes be daunting. The following is
only an brief introductory listgiven in rractichterms,but it may be useful to help clarify a few
of the more commonly used ternabbreviationsand acronyms.

An accessible multilingual website containing introductory informatiopaymersand
their designations isittp://www.pslc.ws/macrog/aex.htm

Default nomenclature: Alloy compositions in this book are givemeightpercent (for
example: 2wt%Al or 2%Al) unless specifically indicatecagmmicpercent (e.g., 2at%Al).

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

Alumel: A high electricalresistivity nickel alloy used for thermocouples consisting 62BBAIT
2%Mni 1%Si.

ASTM: Formerly known as the American Society for Testing and Materials, ASTM
International provides a global forum fosnsensus standards for materials, products,
systems, and services.

AWG: American Wire Gauge, a designation system for wire size. Appendix A4.la lists physical
information by AWG wire size. Correspondingetricwire sizes are given in Appendix
A4.1b.

Bi-2212 A commonabbreviatiorfor the highT. superconductor material Br,CaCuyOg.q
(where, typicallyd << 1). The name is derived from the subscripts of the first four
elements in the compound formula. This superconductor is also sometimes refesred to a
BSCCO (pronouméaed&O0fibi scoo) . (

Bi-2223 A commonabbreviatiorfor the highT. superconductor (Bi,PErn,CaCusO1g; 4, also
sometimes referredtoas BSCCa.,4 110 K)

Chromel A high electricalresistivity nickel alloy commonly used for resigiwiring and
thermocouples, consisting of iINiO%Ni.

ConstantanAnother high electricalesistivity alloy commonly used for resistive wiring and
thermocouples, consisting of C46%Ni.

Critical currenti;: The maximum amount of current that can be cabied superconductor
before it starts to become resistive. Good commercial superconductors can carry over
1000 A/mnf in the presence of a 12 T magnetic field applied perpendicular to the wire.

Critical magnetic field There are several definitions oftaal magnetic field, described in Sec.
10.3.1. Generally, the smlledupper critical fieldHc; is the practical quantitgr low-T,
superconductorgorresponding to the magnetic field above which all superconductivity
is suppressedH., values at 0 Kor low-T, materials range up to about 30 T, and for
high-T. materials to over 100. Typical values are tabulated for practical
superconductors in Appendix A6ahd plotted vs. temperature in Fig. 10.THhe so

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



-15-

calledirreversibility or depinning fieldH;, is the practical quantity for high
superconductors, plotted vs. temperature in Fig. 10.16.

Critical temperaturd.: The temperature below which a superconductor must be cooled before it
becomes superconducting. Typical values for practicallipmaterials range from about
10K to 40 K; for highT; 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 aryogenic liquid sich as liquid heliumTyoi = 4.2 K), liquid neon
(Thoi = 27 K), or liquid nitrogenTyoi = 77 K). The physical properties of common
cryogens are given in Appendix A1.5.

CTFE Polychlorotrifluoroethylene, a type of Tefion

ELI TiT 6AlT 4V: Extra Low Irterstitial form of Ti 6Ali 4V. 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 greatefracture toughness.

Ethylene glycol dimethyl terepthalatélylarO

ETP copperElectrolytic ToughPitch copper [designated by the Unified Numbering System
(UNS) as C10300]. This is the copper commonly used to make ordinary copper wire.

Eutecticmixture The alloy composition with the lowest meltitemperature; eutectic
compositions are particularly useful as solder materials.

FEP. Fluorinated ethylene propylene, a type of Teflon

G-10, G11: Designations for fiberglasspoxy composites (commonlyedgas commercial
electronic circuit boards) made from layers of fiberglass cloth filled with epoxy.

Hastelloy C A corrosionresistant nickel alloy consisting of 54%Ni7r%Mad 15%Cii 5%Fé&

4%W.

HTS: High-T. (high-critical-temperature) superconductors. Cappede materials having
critical temperatures ranging to over 100 K. Also referred txxagsuperconductors or
ceramicsuperconductors. Examples are: ¥YB&Oyix (T. = 92 K), BbSrLCaCuyOg.x (Tc
= 85 K), (Bi,Pb}SrCaCusO10ix (T = 110 K), (TI,Pb)(Ba,SryCaCusO104« (Tc = 115 K),
and HgBaCaCuzOg.x (Tc = 135 K).

ISO: International Standards Organization.

ITS-90: The International Temperature Scale of 1990.

KFE flange KleinFlange meani ng fis mal l|-ringvhcaumgaupliog. a f | exi bl

LTS: Low-T, (low-critical-temperature) superconductors. These materials (usually with
niobium as the core element) have critical temperatures up to abKurare based
on a phonorcoupling mechanism between superconducting pairs of electrons. Common
exampes are: NbTi (T. = 9.5 K), NBAI (T, =15 K), N N (T, = 16 K), N@Sn (T, = 18
K), NbsGe (T = 23 K), and MgB (T, = 39 K).

Lambda point The temperature (2.177 K) where noriitéé (also designated as He 1)
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transforms into superfluid heliufive (also @signated as He Il); see Sec. 1.2.2.

Manganin An alloy commonly used for cryostat wiring and heaters in nonmagnetic applications,
consisting of Cul3%Mri 4%Ni.

Martensitic phase transformatio change in the atomic structure of a metal to a new
crystaline 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, corrosionesistant, nickel alloy consisting of iNB0%Cu.

nvalue An index of thenonlinearity orsharpness of the voltagaurrent (/i I) curve near the
critical current of a superconductolt is defined by the relatiod = c1" (Sec. 10.1.3).

Good superconductors hanealues above 20 to 30.

Nichrome A highly resistive alloy commonly used for heater wiring, consistifgib20%Cr.

OFHQO copper A type of oxygerfree copper [designated by the Unified Numbering System
(UNS) as C10200; a higheurity type is designated as C10100].

PCTEE: Polychlorotrifluoroethylene.

PET: Polyethylene terephthalate, MyGr

Phosphor brare An alloy commonly used for cryostat and thermometer instrumentation wiring
composed of CGib%Sri 0.2%P (Gradd).

PMMA: Polymethyl methacrylate, Plexiglas

Polyamide NylonO.

Polyimide KaptorO.

Phonon A wavelike displacement of the atoms frotretr equilibrium positions in a solid,
usually thermally generated.

Poi s s onAterm usadtin nechanics (Secs. 3.5.3 and 3.5.4) that is the (negative of the)
ratio of thelateral strain tolongitudinalstrain when a beam is uniformly and elastically
stressed along the longitudinal axis. (It simply expresses the fact that the beam becomes
narrower as it iIs stretched, to approxi mat
metals is typically about 1/3, with values ranging from 0.28 to 0.4&&mt materials.

PTFE Polytetrafluoroethylene, a type of Teflon

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

SI: The international system of uniSysteme International d'Unités)

SQUID: Superconducting Quantum Infierence Device. A very sensitive magnetometer able to
detect magnetic flux as small as a fraction of magnetic flux quaRtum(2:0678 10*°
Wh).

TFE: Tetrafluoroethylene, Tefld.

Thermal runaway (quenchA process wherein a small part of a supeduictor carrying very
high current densities is momentarily heated into the resistive state (by sample movement,
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friction, or some other disturbance). The resulting electrical (Joule) heating in this
portion of the superconductor then heats additionabanding superconductor material

into the resistive state, resulting in a thermadaway process with an evgrowing

resistive zone and rapidly increasing Joule heating. When measuring the critical current
of a superconducting strand, the Joule hedyipgally 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 | superconductarsSuperconducting materials where magnetic field uniformly penetrates
the materialsuppressing 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 (Rgd) Type I
superconductivity was discovered.

Type Il superconductorsSuperconductors 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 fiedde Fig. 10.7. This second type of
superconductivity, which was discovered half a century after Type | superconductors,
allows superconductivity to persist to much higher magnetic fields and costpese
practical superconducting materials fromwhicosmmt of todayds applica
fabricated. Paradoxically, Type Il superconductors have a much lower electrical
conductivity in the normal (nonsuperconducting) state than that of Type |
superconductors (which are typically pure metallic elements).

YBCO: The term commonly used for the highmaterial YBaCwO74(Tca 92 K), al so
sometimes referred to as simAl¥3because of the subscripts of the first three elements
in the compound.

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



Al.2 Fundamental constants

Fundamental Physical Constant§

Quantity

Avogadro constant
Boltzmann constant

electric constant

electron volt

elementary charge

Lorenz constant (Sec. 6.4.2)
magnetic flux quantum
molar gas constant

magnetic constant

Newtonian constant of gravitation
Plancld sonstant
speed of light in vacuum

-18-

Symbol Value

Na 6.022 141 9% 102 mol'?

ks = R/Na 1.380 650 3 10223 AK

& = 1/poc? 8.854 187 817 10*F A'n

eV 1.602 176 463 107

e 1.602 176 463 10*°C

Ln = (p%3) (kele)? 2.4433 108 V?A K

Fo=h/2e 2.067 833 637 10 Wb

R 8. 314 4A® JAmol
=8.3144 2 Plamdl k¥

Ho 4 3107=1.25662 10°N A'A

G
h
c

= 1.2566AHMODVAs AA
= 1.2566AHMOWDAA
= 1.256'6 OHAM

6.6733 10 m°A K'4'8
6.626 068 76 103'J A s
2.997 92458 1 mA’s

Stefari Boltzmann constant (Sec. 2.45 = 2(60)kg*/(h/ 2°¢?)5.670 406 108 WA 1A ¥

% FromCRC Handbook of Chemigtand Physic$2002), 8%' edition, CRC Press LLC, Boca Raton, Florida.

Useful approximate equivalents:
Pressure: 1 atm (760 torr) A ~10° Pa
Temperature: 1000 K A ~1eV
Wavelength: 12 0 0 A U-1 eV
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Al1.3 Sl conversion factors

Sl: Syseéme International d'Unitginternational System of Units)

To convert from to multiply by
ACCELERATION
172 meter per secoR@M/S) .............. 3.048 000 EO1
free fall, standard....................... meter per secoREM/S) .............. 9.806 650 E+00
/S e meter per secoRqM/)............... 2.540 000 E02
AREA
ACTE..eeeeeeeeeeee e e, metef (M%) ..o 4.046 873 E+03
DMLt metef (M%) ..o e 1.000 000 E28
circular Mil.......ccoveveveeeeenieeenes metef (M%) ....coeveeeeeeeeeeer e 5.067 075 E10
FE et metef (M%) ....ccoveeeeeeeeeeee e 9.290 304 E02
N2, metef (M%) ....coeveeeeeeeeeeer e 6.451 600 E04
mi? (U.S. statute mile)................ metef (M%) ....coeveeeeeeeeeeer e 2.589988 E+06
SECHON. ..., metef (M%) ....ccoveeeeeeeeeeee e 2.589 988 E+06
tOWNSHIP. ... metef (M%) ....covveeeeeeeeeeee e 9.323 957 E+07
YO e metef (M%) ....cooveeeeeeeeeeee e 8.361 274 EO1

BENDING MOMENT ORTORQUE

dyneAce.nt.i.met.er newt onA@g.t.e.r...,.N 1.000 000 E07
Kgfo AM. e, newt onA@ge.t.er...(.N 9.806 650 E+00
02z foAln e, newt onA@g.t.e.r...,.N 7.061 552 E03
I b f AL newt onA@ge.t.er...(.N 1.129 848 [EO01
I b f L Af e, newt onA@g.t.e.r...,.N 1.355 818 E+00
CAPACITY (SeeVOLUME)
DENSITY (seeMASS PERUNIT VOLUME)
ELECTRICITY AND MAGNETISM?
ampere hour............ccoeveviene, coulomb (C).....coevvvviviiiiiiiiie, 3.600 000 E+01
EMU of capacitance.................. farad (F)....ccooovviviiiiiciie, 1.000 000 E+09
EMU of current.........cccccoeevvnnneen. ampere (A)...oooovieeeeeniiieeees 1.000 000 E+01
EMU of electric potential........... VOIE (V) e, 1.000 000 E08
EMU of inductance................... henry (H) ..o, 1.000 000 E09
EMU of resistance.................... ONM W) . 1.000 000 EO09
ESU of capacitace..................... farad (F)......oooooiiiiiieeee 1.112 650 E12
ESU of current.........cccoeeeeeeennn, aAMPEre (A)..eeeeeeeeeeiiiiiaaeeeaeeeieaas 3.3356 E10
ESU of electric potential........... VOIt (V) e 29979 E+02

#ESU means electrostatic cgs unit. EMU means electromagnetic cgs unit
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To convert from

ESU of inductance.....................
ESU of resistance......................

British thermal unit (thermochemical)
calorie (thermochemical)...........
electron volt...........cccvveveeeeeennnnn.

ft AL,
kilocalorie (thermochemical).....
K WA D ....ocooiiiiieicceceeeee,
WA Do,
WA S. ..ottt
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to

henry (H) ..o
OhM W) e,
tesla (T)ueeeeeeeeeieeeeee e,
ampere (A)eeeeeeeeeeeeeeeeeeeeee e
weber (WD)......ccovvveeeeiiieieeee.
ampere per meter (A/m)............

ENERGY (includesWORK)

FLow (seeMAsSsS PERUNIT TIME or VOLUME PERUNIT TIME)

FORCE

FORCE PERUNIT AREA (seePressure)

Btu (thermochemica/sd*OF
(k, thermal conductivity)........
Btu (thermochemicain/h@?OF
(k, thermal conductivity)........
Btu (thermochemical)ft.............
Bt u
(C, thermal conductance)......
Btu (thermochemical)/lb............
Bt u
(c, specific capacity)..............

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011

(t her mdAFh e mi c

(ther moFc hemi c

FORCE PERUNIT LENGTH

newton per meter (N/m)............
newton per meter (N/m)............

HEAT

watt per meter kelvin (W/) ....

watt per meter kelvin (W/) ....
joule per metér(I/nt).................

watt per metérkelvin (W/nfd)
joule per kilogram (J/kg)............

joule per kilogam kelvin (J/kgX)

multiply by

8.987 554 E+11
8.987 554 E+11
1.000 OOCEi 04
7.957 747 EO1
1.000 000 [E08
7.957 747 E+01

1.054 350 E+03
4.184 000 E+00
1.602 176 E19

1.000 000 EO07

1.355 818 E+00
4.184 000 E+03
3.600 000 E+06
3.600 000 E+03
1.000 000 E+00

1.000 000 E05
9.806 650 E+00
9.806 650 E+00
4.448 222 E+03
2.780 139 EO1
4.448 222 E+00
1.382 550 EO1

1.751 268 E+02
1.459 390 E+01

5.188 732 E+02

1.441 314 EO1
1.134 893 E+04

5.674 466 E+00
2.324 444 E+03

4.184 000 E+03



To convert from

Btu (ther mdAFhemi c

cal (thermochemical)/chn...........
cal (thermochemical)/cfA.s.......

cal (ther modchemi c:

cal (thermochemical)/g..............
cal (thermochemical)@C . € .
“F@&%/Btu (thermochemical)

MASS PERUNIT VOLUME (includesDENSITY andMASS CAPACITY)

(R,thermal resistance.).........
ft?/h (thermal diffusivity).............
- TaTo Y1 0] 4o IO
astronomical unit..............ccco.....
fermi (femtometer)............cooeee.
fOOU ().,
iNCh (IN).eeeeii e,
lightyear......cccooocevviiiiiiiicienn.
MICTON...eviiiie et
Mileeiiiiii e
mile (U.S. statute).............oc....e.
pica (ptl.i.nt.er.b.s)
point (.pr.i.nt.er.6s)
FO... et
yard (Yd).....ooeeviiiieeeeiiiieeee
footcandle........ccccooviiiiiiiniienn,
footcandle............cocvvviiieiienn,
OraiN....oceeeeeeee e
o[- 1 E
hundredweight (long).................
hundredweight (short)...............
ounce (avoirdupois)...................
pound (Ib) (avoirdupois)............
SIUG e
tON (ASSAY)...vvvveeeeeiiiiiiieee e
ton (long, 2240 Ib)...........cconeee.
ton (Metric).......cvveeeeeiiiiiiieeenees
ton (short, 2000 Ib).........cccuuueeee.
01/ N

oz (avoirdupois)/gal (U.K. liquid)
oz (avoirdupois)/gal (U.S. liquid)
0z (avoirdupois)/if............co.o.....
IO/ e
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to

watt per metérkelvin (W/nfd)

joule per metér(I/nt)........c.........
watt per metér(W/m?) ...............
watt per meter kelvin (W/) ....
joule per kilogram (J/kg)............
joule per kilogram kelvin (J/K§)

Kelvin metef per watt (Kin?/W)
metef per second (Afs)..............

LENGTH

Meter (M)...eeeeeeeeiiiiieee e
Meter (M)...eeeeeeeeiiiiieee e
Meter (M)....eeeeeeeeiiiiieee e
Meter (M)...veeeeeeeiiiieieee e
Meter (M)...eeeeeeeeiiiiieee e
Meter (M)....eeeeeeeeiiiiieee e
Meter (M)...veeeeeeeiiiieeee e
Meter (M)...eeeeeeeeiiiiieee e

Meter (M)....vveeeeeeiiiiieeee e
Meter (M)...eeeeeeeeiiiiieee e
Meter (M)....eeeeeeeeiiiiieee e
MeEter (M)...veeeeeeeiiiieeeee e

LIGHT

lumen per meté(lm/m?).............
TUX (IX) +eeeeeeiiiiieeeee e

MAss

kilogram (Kg)......cccovvvvvireneennnnnne
kilogram (Kg)......cccovvvuvveeneennnnnne
kilogram (Kg)......cccovvvvineneennnnnnn
kilogram (Kg)......cccovvvvvireneennnnnne
kilogram (Kg)......cccevvnuvireneennnnnnn
kilogram (Kg)......cccevvnevieeeeennnnnne
kilogram (Kg)......ccoevvnevineeeennnnnne
kilogram (Kg)......ccoevvnevineeeennnnnne
kilogram (Kg)......cccevvnevieeeeennnnnne
kilogram (Kg)......ccoevvnevineeeennnnnne
kilogram (Kg)......ccoevvnevineeeennnnnne

kilogram per metér(kg/n?) é é
kilogram per metér(kg/n?) é é
kilogram per metér(kg/n?) é é
kilogram per metér(kg/n?) é é
kilogram per metér(kg/n?) é é

multiply by

2.042 808 E+04
4.184 000 E+04
4.184 000 E+04
4.184 000 E+02
4.184 000 E+03
4.184 000 E+03

1.761 102 EO1
2.580 640 EO5

1.000 000 E10
149598 E+11
1.000 000 E15
3.048 000 EO1
2.540 000 EO2
9.460 528 E+15
1.000 000 E06
2.540 000 EO5
1.609 347 E+03
4.217 518 EO3
3.514 598 EO4
5.029 210 E+00
9.144 000 EO1

1.076 391 E+01
1.076 391 E+01

6.479 891 EO5
1.000 000 E03
5.080 235 E+01
4.535 924 E+01
2.834 952 EO2
4.535 924 EO1
1.459 390 E+01
2.916 667 EO2
1.016 047 E+03
1.000 @O E+03
9.071 847 E+02

1.000 000 E+03
6.236 027 E®O

7.489 152 E+00
1.729 994 E+03
1.601 846 E+01



To convert from to multiply by
IB/iN2 e kilogram per metér(kg/n®) ........ 2.767990 E+04
Ib/gal (U.K. iquid).........cocvrrenene kilogram per metér(kg/m) ........ 9.977 644 E+01.
Ib/gal(U.S. liquid)........cccevevenenee. kilogram per metér(kg/n®) ........ 1.198 264 E+02
ton(long, mass)/y...........c......... kilogram per metéi(kg/n?)......... 1.328 939 E+03
POWER

Btu (thermochemical)/s............. Watt (W)..ooveeiiiiee e 1.054 350 E+03
Btu (thermochemical)/min......... Watt (W)..ooveeiiiiee e 1.757 250 E+01
Btu (thermochemical)/h............. Watt (W)..ooveiiiiee e 2.928 751 EO1
cal (thermochemical)/s.............. Watt (W)..ooveiiiieee e 4.184 000 E+00
cal (thermochemical)/min.......... Watt (W)..ooveiiiiee e 6.973 333 EO2
EFO/S it Watt (W)..ooveeiii e, 1.000 000 EO07
ft Al.bf.l.h, WALt (W).eeeeiiiees e 3.766 161 EO04
ft Al b.f./.mi.n....... Watt (W)...ooveeieeeiece e 2.259 697 E02
ft AlL.bf L. .S, WALt (W) 1.355 818 E+00
hor sepower .(.55.0 Watt (W)..ooveiiiie e, 7.456 999 E+02
kilocalorie (thermochemical)/min Watt (W)..ooveeiiiie e, 6.973 333 E+01
kilocalorie (thermochemicdy.... Watt (W)..ooveeiiiie e, 4.184 000 E+03

-22-

PRESSURE ORSTRESS(FORCE PERUNIT AREA)

atmosphere (normal = 760 torr) pascal (Pa)............cccevvvrvvvvvnnnees 1.013 25 E+05
atmosphere (technical = 1 kgf/ém pascal (Pa)............cccevvvvvvvvvnnnees 9.806 650 E+04
bar......ccc pascal (Pa)............cceevvvvvvrvnnnees 1.000 000 E+05
centimeter of mercyr(0 C)....... pascal (Pa)........cccccooeviiiiiiiiiiaes 1.33322 E+03
centimeter of water (4C) ........... pascal (Pa)........cccceveviieiciniiens 9.806 65 E+01
AYNE/CM .., pascal (Pa)........cccccovvereerruennn 1.000 000 EO1
foot of water (39.2F)................. pascal (Pa)............cceevvvvvvrvnnnees 2.989 070 E+03
gramforce/cnt .........cccoevevrnnne. pascal (Pa)......ccccccevvnvrieeeiennes 9.806 650 E+01
inch of mercuy (32" F) .....c....... pascal (Pa)......ccccevrieeeiiienanes 3.386 389 E+03
inch of mercury (60F)................ pascal (Pa)........ccccoveviiiiiiiiiaes 3.376 85 E+03
inch of water (39.2F)................. pascal (Pa.......ccccocevvveinieriienne. 2.490 82 E+02
inch of water (60F).................... pascal (Pa)............cceevvvvvvrvnnnees 24884 E+02
1L 1 pascal (Pa)........c..ccocvveveveueuenns 9.806 650 E+04
KGF/MP e pascal (Pa)......ccccovceeeerereueuenns 9.806 650 E+00
111111 pascal (Pa)........c..ccocevevevereuenns 9.806 650 E+06
LT R () P pascal (Pa)............cocevevrvererenns 6.894 757 E+06
millibar ..o pascal (Pa).......ccccevvivveeereennns 1.000 000 E+02
millimeter of mercury (0C)....... pascal (Pa).......coccevrerererinerines 1.333 224 E+02
poundal/foot .............cccceeverevnnnn. pascal (Pa)........c..cccovvevrvrueueens 1.488 164 E+00
17 G pascal (Pa)........cccocovevevrvrueunens 4.788 026 E+01
IDFiNZ (PSI).. v pascal (Pa)........c..cccovvvevrurueunens 6.894 757 E+03
PSI it pascal (Pa)........cccoeviiiiiiiiiies 6.894 757 E+03
torr (MmHg, 0C)..ccvvveere pascal (Pa)......ccccccevvivvreeeeiniees 1.33322 E+02
SPEED(SeeVELOCITY)
STRESS(SeePRESSURE
TEMPERATURE
degree CelsiusC).......coceeueeenee.. Kelvin (K)...oooooeeeeeeecee e tx =tc+ 273.15
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To convert from

degree FahrenheitR) .................
degree Ranking..........................
degree FahrenheifR).................
kelvin (K)......ccoovvvviiiiieeeeeeceeeens

day (mean solan.......ccccccvvvveeennn.
day (sidereal)..............ooeviiiinnnnns
hour (mean solar).......................
minute (mean solar)...................
year (calendar).............ccccevnnnnne

knot (international).....................
mi/h (U.S. statute)......................
mi/min (U.S. statute)..................
mi/s (U.S. statute)......................
mi/h (U.S. statute)......................

POISE...evviiiieiiiiiiiee e
pound@al.As./.f.to....
I b/t AS e,
| b f2A.SLfideene,
sl ugl.f.t.As ...

acrefoot.......ccoeeeeeiiiiiiiiiiiiiee,
barrel(oil, 42 gal)...........oeeeeeeeeeen.
board foot...........ccovvieeeiiiiiinnn.
bushel (U.S.).oooooiiiiiis

fluid ounce (U.S.).......oeoiiiins
{010] iR
gdlon (Canadian liquidy.............
gallon (U.K. liquid)..........cceennneee
gallon (U.S. dry)....eeeeeeeeeiieiianennn.
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to

kelvin (K)o
kelvin (K)o
degree CelsiusS C).........cceuvveeeeen.
degree Celsius C).....ccccvveerunnn.

TIME

SECONd (S)..ouvvvveeeeeiiiiiieeeesimeee
SECONd (S)..iuvvveeeeeeiiiiieeeee s
SECONd (S)..iuvvveeeeeeiiiiieeeeeeimeen
SECONd (S)..ouvvveeeeeeiiiiieeeeesiaeens
SECONA (S)erveeiiirrreeeeeiiiiiieeeene

TORQUE (SeeBENDING MOMENT)

VELOCITY (includesSPEED)

VISCOSITY

pascals e c o n d...(.P.a.A.s
metef per second (Afs)..............
metef per second (Afs)..............
pascals e c o nd....(.P.a.As
pascals e c o n d....(.P.a.A.s
pascalsec 0 n d
pascals e c o nd....(.P.a.As
pascals e c o n d....(.P.a.As
metef per second (ﬁ/s) ..............

VOLUME (includesCAPACITY)

multiply by

tK = (t|:+ 45967)/18
tK = tR/18

te= (-1 32)/1.8
te=t1 273.15

8.640 000 E+04
8.616 409 E+04
3.600 000 E+03
6.000 000 E+01
3.153 600 E+07

8.466 667 EO5
5.080 000 EO3
3.048 000 EO1
2.540 000 EO2
2777 778 EO1
5.144 444 EO1
4.470 400 EO1
2.682 240 E+01
1.609 344 E+03
1.609 344 E+00

1.000 000 E03
1.000 000 E06
9.290 304 EO2
1.000 000 EO1
1.488 164 E+00
1.488 164 E+00
4.788 026 E+01
4.788 026 E+01
1.000 000 EO4

1.233 489 E+03
1.589 873 [EO01
2.359 737 EO3
3.523 907 EO02
2.365 882 EO4
2.957 353 EO5
2.831 685 EO02
4.546 090 EO3
4.546 092 EO3
4.404 884 EO3
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To convert from to multiply by
gallon (U.S. liquid)..........cocvn..... meter (M%) ....c.oveveeeeeeeeee 3.785 412 E03
INCH® e meter (M%) ......oeveveeeeeeeeeeene 1.638 706 EO05
1= S meter (M%) ....c.oeveveeeeeeeeeee 1.000 000 EO03
ounce (U.K. fluid).........c.ccocvenee. meter (M%) ......oeveereeeeeeeee 2.841 307 E05
ounce (U.S. fluid).........c.ccoevnee. meter (M%) ......oeveveeeeeeeeeee 2.957 353 EO05
PECK (U.S.).ovieieeriieiereeeeeveinns meter (M%) ......oeveveeeeeeeeeee 8.809 768 E03
pint (U.S. liquid)......cccevevevererenene meter (M%) ......ceveveeeeeeeeeee 4.731 765 E05
quart (U.S. liquid)...........c.c.co...... meter (M%) ......oeveveeeeeeeeeree 9.463 529 E04
tablespoon.............cccccvvevevcns meter (M%) ......oeveveeeeeeeeeeene 1.479 000 EO5
t@ASPOOLL........vcvevcecererreereeennsn, meter (M%) ......oeveveeeeeeeeeeeee 4.929 000 E06
ton (register)..........ccovevveveveveuenne. meter (M%) ......oeveveeeeeeeeeee 2.831 685 E+00
yard......ooeeeeeeeeeee meter (M%) ... 7.645 549 EO01

VOLUME PERUNIT TIME (includesFLow)

FE/MIN e meter per second (ffs).............. 4.719 474 B 04
FES e s meter per second (ffs).............. 2.831 685 [E02
IN3MIN e meter per second (ffs).............. 2.731 177 EO7
YA MIN. e meter per second (ffs).............. 1.274 258 E02
gal (U.S. liquid)/day................... meter per second (ffs).............. 4.381 264 E08
gal (U.S. liquid)/min................... meteF per second (ffs).............. 6.309 020 EO5

WORK (SeeENERGY)

Source: Selected excerpts fromiletric Practice GuideDesignation: E 380 74 (1974), American Society for
Testing and Materials, 100 Barr Harbor Drive, West Conshocken, PA 1828 updated with data from
SI10-02 IEEE/ASTM Sl 10American National Standard for Use of the International System of Units (SI):
The Modern Metric Syster(2002) S11002 IEEE/ASTM Sl 10, 100 Barr Harbor Drive, West Conshocken,
PA 194282959.

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



Al.4 Magndic units: Equivalency tabl

-25.

Symbol Quantity Conversion from Gaussian and cgs emu t SI
F magnetic flux 1Mx=1G-cAi- 10°Wb=10%V:s
B magnetic flux density, 1G- 10*T=10*Wb/n?
magnetic induction
H magnetic field strength 1 Oe- 10%(4p) A/m
m magnetic moment lerg/G=1emu 103A-n?=103%J/T
M magnetization 1 erg/(G-c) = 1 emu/ci-  10° A/m
4pM magnetization 1G- 10%(4p) A/m
s mass magnetization, 1 erg/(G-g) = 1 emulg 1 A-nflkg
specific magnetization
j magnetic dipolenoment 1 erg/G=1emu 4p3 10°Wb-m
J magnetic polarization 1 erg/(G-cf) = 1 emu/cm- 4p3 10T
c, k volume susceptibility 1- 4p
¢, c/r  mass susceptibility 1cni/g- 4p3 10°mkg
m permeability 1- 4p3 10"H/m=43 10’ Wb/(A-m)
m relative permeability m- m
w, W energy density 1erglcmi- 10 J/nt
N, D demagnetizing factor 1- 1/(4p)

@ Table based on R. B. Goldfarb and F. R. Fickett (1985), NBS STP 696, National Bureau of Standards. U.S.
Government Printing Office, Wastgton, D.C.

® Gaussian units are the same as cgs emu for magnetostatics; Mx = maxwell, G = gauzys@e; Wb = weber,
V =volt, s = second, T = tesla, m = meter, A = ampetrgpldile, kg= kilogram, H = henry.

¢ Volume susceptibility is dimensionkesut is sometimes expressed in cgs units as erofemu/(cm-Oe).

4 Mass susceptibility is sometimes expressed in cgs units as emu/g or-€ay/(g
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Al1.5 Properties of common cryogenic fluids. (Sec. 1.2)

Additional data on the vap@ressure vs. teperature dependence of these cryogenic fluids are given in Appendix A5.1.

Fluid: 3 He H," Hy" CH,
Property: He (Para) (Normal) Ne N2 Ar O (Methane)
Molecular Weight 3.0160 4.0026 2.0159 2.0159  20.179 28.013 39.948 31.999 16.043
Critical Temp. [ 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 13.80 13.95 24.56 63.15 83.81 54.36 90.72
(at 140 atm)
Liquid Density at B.P. 0.05722 0.1247 0.07080 0.07080 1.207 0.8061 1.395 1.141 0.4224
[g/mL]
Gas Density at @C and 0.1345 0.1785 0.08988 0.08988  0.8998 1.250 1.784 1.429 0.7175
1 atm [g/L]
Vapor Dersity at B.P. 2451 16.76 1.339 1.339 9.577 4.612 5774 4.467 1.816
[g/L]
Liquid Thermal o} 18.66 103.4 103.4 155.0 145.8 125.6 151.6 183.9
Conductivity at B.P.
[ mw/ ( mAK)
Liquid Isobaric Specific ~ 24.80 5.299 9.659 9.667 1.8&2 2.041 1.117 1.699 3.481
Heat at B.P.
[J/7 (gAK)]
Latent Heat of 7.976 Jig 20.75 445.4 445.4 85.75 199.2 161.1 213.1 510.8
Vaporization at B. P
(0.4564 J/mL)  (2.589)  (31.54) (31.54) (103.5)  (160.6) (224.9) (243.1) (215.8)
Latent heat of Fusiona @ 30.5 o} 58.2 16.6 255 27.8 13.8 58.7

M.P. [J/g]
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Fluid: 3 He H," H," CH,
Property: He (Para) (Normal) Ne N2 Ar O (Methane)
Vap. Pres. of Solid at o} o} 7.04 7.20 43.46 12.52 68.89 0.146 11.5
M. P. [kPa]
Magnetic Susceptibil 12.02 15.44 13.99 16.96 112.0 119.32  +3449 (gas) 117.4
ity [10"® cm®/mol] (gas) (lig., (gas, (gas) (gas) (gas)  +7699 (lig., 90K)
(+ 1 paramagnetic) 20.3K) 2 293K) +10200 (sol., 54K)

B.P.[ boiling point; M.P.[ 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 Repoi@CPart 11 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 (198%ryogenic Process Engineeringlenum Press, New York.

" Hydrogen an exist in two different molecular forms: higkerergyorthohydrogen (nuclear spins aligned) and loweergyparahydrogen (nuclear spins
opposed). The equilibrium ratio is determined by temperature: at room temperature and above, hydrogen cbosisesdfhgpara and 75 % ortho
(so-callednormalhydrogen), 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).

2 CRC Handbok of Chemistry and Physi(2002) 83¢ edition, CRC Press, Boca Raton, Florida.
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Al.6a Cooling power data fGHe, H, and N (Sec. 1.2)

Tabulated values are consumption rates resulting from 1 W dissipated directly in the
indicated cryogenic liquidtatmospheric pressure.

Cryogenic liquid  Volume of liquid boiled off Flow of gas at @C, 1 atm  Enthalpy change at 1 atm

from 1 W from 1 W pressure
[L/h] [L/min] [J/a]
“He 1.377 16.05 87 (4.2 K20K)

384 (4.2 K77K)
1542 (4.2 K300 K)

H, 0.1145 1.505 590 (20 K77 K)
3490 (20 K300 K)

N2 0.0225 0.243 233.5 (77 K300 K)

Data compiled from:

V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Repofi@Part 11,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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Al.6b Cooling power data: Amount of cryogenic fluid needed to cool commoni¢Bals.

1.2)
Cryogenic Flid: ‘He H, N,
(Th=4.2K) (T, =20.3K) (T,=77.3K)

Initial Temp. of Metal: 300 K 77 K 300 K 77K 300 K

[L/kg] [L/kg] [L/kg] [L/kg] [L/kg]
Using the latent heat | Aluminum 58 2.6 5.4 0.25 1.01
of vaporization only | Copper 27 1.8 2.4 0.17 0.46
Stainkss Steel 30 1.2 2.8 0.12 0.54
Using both the latent | Aluminum 1.60 0.22 1.03 0.14 0.64
heat and the enthalpy Copper 0.80 0.15 0.51 0.092 0.29
of the gas Stainless Steel 0.80 0.10 0.52 0.064 0.34

Ty is the boiling temperature at atmospheric pressure.

Determined from data by J. B. Jacobs (198&ly. Cryog. Eng8, 529.

® For temperature combinations other than those given in this table, see Jacobs (1962, reference above).
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Al1.7 Suppliers of specialty parts and materials

The following is a list obuppliers of specialty parts and materials for constructing
measurement cryostats. Itis provided as a convenience to save time lessthognmonitems.
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 fonyogenicinstrumentation annually each
Decemberinth€ ol d Fact s ,Brwyogenic Sosiety@iuUAmerese
http://www.cryogenicsociety.org/Suppliers fogeneral physicgastrumentation are updated
each Augusin thePhysics Today Buyers Guidémerican Institute of Physics,
http://www.physicstoday.org/quide/

Trade names, products, and companies tigzd 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 dieletric 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. 708806-6639,http://www.axoncable.com Supplier of
mi ni ature coaxial cable; stock number S
dielectric and jacket; PXC47K08 can al s
Lake Shore Cryotronics, Westerville, OH 43081, Tel.-8924-2244, Fax. 6148181600,
http://www.lakeshore.com
Micro-Coax, 206 Jones Blvd., Pottstown, PA 198845, Tel. 6181950110, 800223
2629, Fax. 6101956656, http://www.micrgcoax.com/
Oxford InstrumentsCryospares, Witney, Oxfordshire, UK OX294TL,lT©44(0)1865
881437, Fax. +44(0)1865 88404ttp://www.oxinst.com/cryospares/
Precision Tube, Coaxitube Div., 620 Naylor Mill Road, Salisbury, MD 21801, Tel. 410
546-3911, Fax. 414646-3913,http://www.precisiontube.comCatalog contains
helpful information on the electrical selection of coaxial cables.
RS, United Kingdom, Tel. +44536201201, Fax. +44536:201-501,
http://www.rscomponents.comSupplier of miniature coaxial cable with
TeflonE dielectric and jacke530 AR c¥adhl
388546 (75 Y).; (for low frequencies, wh:
concern, the 75 Y might be better since
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Storm Products Co., Microwave Sales Office, 10221 Werch Drive, Woodridge, IL
60517, Tel. 636#54-3300, 888347-8676, Fax630 754-3500,
http://www.stormproducts.com/

Expanded dielectricoaxial cables for higher frequency applications (> 1 GHz) where
dimensional stability of the terminations on thermal cycling is needed (see Sec. 4.8):

Storm Product€o., Microwave Sales Office, 10221 Werch Drive, Woodridge, IL
60517, Tel. 636#54-3300, 888347-8676, Fax630 754-3500,
http://www.stormproducts.com/expanded dielectric coaxial cables, for example
cable #421193.

Connectors (Secs. 4.1, 4.6, 4.7, 4.8)
Al'ligator clips: smooth, flat jaws; 7/320
Mueller Electric Co., part number (PN) BR4C, http://www.muellerelectric.com/
(distributed by Allied Electronics, Inc., PN 8@340, Tel. 8084335700,
http//www.alliedelec.combr Newark Electronics, PN 28F497, Tel. 8083
9275, http://www.newark.com/
Rf connectors:
Fischer Connectors, Tel-:800551-0121,http://www.fischerconnectors.com/
Lemo Connectordittp://www.lemousa.com/
Vacuum leaethroughs (oom temperature):
CeramaSeal, 1033 State Route 20, New Lebanon, NY 12125, Tel. 10848800, Fax
518794-8080,http://www.ceramaseal.com/
Detoronics Corp., 10660 East Rush St., So. El Monte, CA 93433, Tel. 81&79
7130, Fax 81&%791936,http:/Avww.detoronics.com/

Contacts (springy devices) (Sec. 7.4.3)
Berylliumi copper clad circuit board for making microsprings:
Specialty order from Flex, 1220 S. Lyon St., Santa Ana, CA 92705, Tel -838
2868, Fax. 718354772,http://www.gflex.com/
Fuzz Buttons:
Techknit, Cranford, NJhttp://www.fuzzbuttons.com/
Pogo Pins:
Emulation Technology, Inc., Santa Clara, @&p://www.emulation.com/pogo/

Cryogenic accessories and consumables
Lake Shore Cryotronics, Westerville, OH 43081, Tel.-894-2244, Fax. 6148181600,
http://www.lakeshore.com
Oxford InstrumentsCryospares, Witney, Oxfordshire, UK OX294TL, Tel. +44(0)1865
881437, Fax. +44(0)1865 88404ttp://www.oxinst.com/cryospares/
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Cryogenic measirement systemg Complete (Sec. 1.4)

Cryo Industries; 11124 S. Willow St., Manchester, NH 03103; Tek6213957;
cryo@cryoindustries.confttp://www.cryoindustries.com/

Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 00888; Tel. 978
657-8750,http://www.janis.com/

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Te#4(0)1865 881437, Fax.
+44(0)1865 88404 %ttp://www.oxinst.com/

Precision Cryogenic Systems, Inc.; 1171 West Rockville IRdianapolis, Indiana
46234; Tel. 317272-0880,http://www.precisioncryo.com/

Quantum Design; 6325 Lusk Glvd., San Diego, CA 92B8Z383; Tel. 858181-4400,
Fax. 858481-7410,http://www.gduse.com/

Current leads (Secs. 4.9, 4.10)
Flexible superconducting braid:
Supercon Inc., 830 Boston Turnpike, Shrewsbury, MA 016#p.//www.supercon
wire.com/ (by special order).
Low-T. and highT; superconductork see Superconductinging
Vaporcooled leads:
American Magnetics Inc., P.O. Box 2509, 112 Flint Road, Oak Ridge, TN 2788,
USA, http://www.americanmagnetics.com/
Cryomagnetics Inc., 1006 Alvin Weinberg Drive, Oak Ridge, TN 37830, USA,
http://www.cryomagnetics.com/

Curr ent power supplies; lowripple, seriestransistor regulated (Sec. 9.2)
Alpha Scientific Electronics, Hayward, CA, 51824747,
http://www.alphascientific.com/
Inverpower Controls Ltd., Burlington, Ontario, Canada,-8858-4692,
http://www.inverpower.con/.
Walker LDJ Scientific Inc., Worcester, MA 01606, 58823674,
http://www.walkerscientific.com{ cur r ent O 500 A) .

Dewars for measurement systend metal and fiberglass epoxy
American Magnetics Inc., P.O. Box 2509, 112 Flint Road, Oak Ridge, TN ZZR®1
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. 31-297-7988,http://www.intlcryo.com/
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Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 00888; Tel. 978
657-8750,http://www.janis.com/

Oxford Instruments, Witney, Oxfordshire, UK OX294TL, Te#4(0)1865 881437, Fax.
+44(0)1865 88404 %ttp:/www.oxinst.com/

Precision Cryogenic Systems, Inc., 7804 Rockville Road, Indianapolis, Indiana 46214,
Tel. 3171 2732800, Fax. 31-2732802, prcry@iquest.net,
http://www.precisioncryo.com/

Tristan Technologies, Inc., 6185 Cornerstone Court East, SiteSad Diego, CA
92121, Tel. 87/436-1389,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 96R497, Tel. 80237-3526; Fax.
5302433761, http://www.TedPella.com/

Silver paste:
Ted Pella, Inc., P.O. Box 492477, Redding, CA 96R497, Tel. 80237-3526; Fax.
5302433761, 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, MinmdiapMN 554323177, Tel. 763
571-3121, Fax. 76%71-0927, Info@minco.comhttp://www.minco.com/

Liquid -level monitors (Sec. 1.6.2)
Janis Research Co.; 2 Jewel Dr. P. O. Box 696, Wilmington, MA 00888; Tel. 978
657-8750,http://www.janis.com/
Lake Shore Cryotronics, Westerville, OH 43081, Tel. &B4-2244, Fax. 6148181600,
http://www.lakeshore.com
Oxford Instruments, Witney, Oxfordshire, UK OX294TL, T&#4(0)1865 881437, Fax.
+44(0)1865 88404 %ttp://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 ZXH,
USA, http://www.americanmagnetics.com/
American Superconductor Corg.wo Technology Dr., Westborough, MA 01581, Tel.
5088364200, Fax. 508364248, http://www.amsuper.com/(high-T. magnets).
Cryomagnetics Inc., 1006 Alvin Weinberg Drive, Oak Ridge, TN 37830,
http://www.cryomagnetics.com/
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Oxford Instruments, Witneypxfordshire, UK OX294TL, Tek44(0)1865 881437, Fax.
+44(0)1865 88404 %ttp://www.oxinst.com/

SuperPower, Inc., 450 Duane Ave., Schenectady, NY 12304, TeB4&1B414, Fax.
5183466080, http://www.igc.com/superpowerfhigh-T. magnets).

Materials, less common and specialty sizes (Secs. 3.2, 3.4,6.5.2, 7.3, 7.4)
Metalsi general supplier of high purity metals and metallic compounds:
ESPI, 1050 Benson Way, Ashland, OR 97520, Tel-@&®2581, Fax. 80@:88-0060,
http://www.espimetals.com/
Aluminumi high conductivity wires:
Alcoa Technical Center, 100 Technical Drive, Alcoa Center, PA 15069,
http://www.alcoa.com/
Sumitomo Chemical, Japamitp://www.sumitomechem.co.jp/english/
Swiss Federal Institute of Technology, Zurich, Switzerland, Tel. +43241111, Fax.
+41 44 632 1010, http://www.ethz.ch
Copperi high conductivity, oxygen free; (see Appendix A3.1 for a listing of the various types)
Copper & Brass Sales, Tel. 8926-2600, Fax. 888262600,
http://www.copperandbrass.com/(OFHCF copper tubes).
Farmer s Copper &231:-9480uFat. 40667115 uppl y 800
http://www.farmerscoploer.com/(OFHCE copper tubes).
McMastei Carr, http://www.mcmaster.com/
Fiberglassepoxy composite tubes; custom sizes (made freb0 G511, G13):
A & M Composites, P.O. Box 3281, Big Spring, TX 79721, Tel.-28Z6525, Fax.
432-267-6599,http://www.amcctx.com/
Mi crowave circuit b o aexpgans{ofddéfiEignt gssatanthatalG t h er ma
circuit board, so as to give better dimensionabsity):
Rogers Corp., One Technology Dr., P.O. Box 188, Rogers, CT 6BER Tel. 860
7749605, Fax. 860 79-5509,http://www.rogerscorp.com/.
Titanium tubeg less common sizes:
Titanium Sports Technologies (TST), 1426 E. Third Ave., Kennewick,98236, Tel.
5095866117, 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, Indall&solders, Tel. 31853-4900 or 8004-INDIUM,
askus@indium.conhttp://www.indium.com/
Lake Shore Cryotronics, Ostalfdgolders, Westerville, OH 43081, Tel. 6881-2244,

Fax. 614818-1600,http://www.lakeshore.cofm

Umicore Indium Product®)stalloy® solders http://www.thinfilmproducts.umicore.com/.
Solder flux:
A Combined solder and flux paste:
Fusion Automation, Inchttp://www.fusiorinc.com/Model SSXx430-830.
Multicore Kester 135http://www.kester.com/
A Mild flux:

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

Litton ESF33, http:/Awww.amsuper.com/products/library/003
TechNote_Soldering.pdf

A Unactivated rosin fl ux:

Kester Tel. 800253-7837, Fax. 84-890-9338, technicalservice@kester.com,
http://www.kester.comd e si gnat ed APl ast-ic coreo
activated)

Solder with antimony to minimize embrittlement and cracking at cryogenic temperatures:
Kester, Tel. 80253-7837, Fax. 847390-9338, technicalservice@kester.com,
http://www.kester.com/

Strain gauges, accessories, and gauge adhesives for cryogenic service (Sec. 9.4.4)
Vishay Intertechnology, Inc., Vishay Micitdeasurements 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 availathi#mat/superconductors.org/Links.htm.
Low-T¢ (Nbi Ti and NBSn):
Alstom Magnets & Superconductors, 90018f&# Cedex, France, Tek33 (0)3 84 55
32 26, Fax. +33 (0)3 84 55 70 9Bttp://www.powerconv.alstom.com/
Bochvar, 5 ulitsa Rogova, Moscow 123060, Te@5) 19649-93[1], 19682-97[2], Fax.
(095) 19641-68, email: post@bochvar.rihttp://www.bochvaru.
European Advanced Superconductor (EAS), EhrichstraRe 10, 63450 Hanau, Germany,
Tel. (+49) (6181) 43 841 00, Fax. (+49) (6181) 43 8 00,
http://www.advancedsupercon.com/
Furukawa Electric, 4, Marunouchi Zhome, Chiyod&u, Tokyo 100, Japan,el. 81-3-
32863001, Fax. 813-32863747,3748, http-www.furukawa.co.jp/english
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Kobe Steel, Ltd., Shinko Building, 165, Wakinohamacho,-éhome, Chu&u, Kobe,
Hyogo 6518585, Japan, Tel. 848-261-511, Fax. 8178-261-4123,
http://www.kobelco.co.jp/engh
Outokumpuy 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 7t6fp://www.oxford
instruments.com/
Shape Metal Innovations (SMI); BBn powdetin-tube (PIT) process, Tel. +31 53
4340704, JLSMI@worldonline.nl.
Sumitomo, One North Lexington Ave., White Plains, NY 10601, Tel-8d46001, Fax.
914-467-6081,http://www.sumitomoelectricusa.com/
Supercon Inc., 830 Boston Turnpike, Shrewsbury, MA 016#5.//www.supercon
wire.com/
Western Superconducting Material Technol og
710016 P.R. China.
Low-T; (MgBy):
Columbus Superconductor S.R.L., Corso F. Perrone 24, 16152 Genova, Italy, Tel. +39
(0)10 65 98 784, Fax. +39 (0)68 98 732.
Diboride Conductordttp://www.diboride.biz/
Hyper Tech Research, Inc., 110 E. Canal St., Troy, OH 433883, Tel. 9373320348,
http://www.hypertechresearch.cam/
High-T, (Bi-2212):
Oxford Superconducting Technology, 600 Milik St., P.O. B89, Carteret, NJ 07008
0429, Tel. 732 541 1300, Fax. 732 541 7t6fp://www.oxford
instruments.com/
Showa Electric Wire and Cable Co., Lthattp://www.swcc.co.jp/eng/index.htm
High-T, (Bi-2223):
American Superconductor Corp., Two Technology Drivesib@ough, MA 01581, Tel.
508.836.4200, FaXx08.836.4248http://www.amsuper.com/
European Advanced Superconductor (EAS), EhrichstraRe 10, 63450 Hanau, Germany,
Tel. (+49) (6181) 43 841 00, Fax. (+49) (6181) 43 84 00,
http://www.advancedsuperconrb
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-8d46001, Fax.
914-467-6081,http://www.sumitomokectricusa.com/
Trithor GmbH, Heisenbergstrasse 1658359 Rheinbach, Germany, Tel.: +49 (0) 2226
90 601 0, Fax.+49 (0) 2226 90 601 900, http://www.trithor.com/
High-T; (YBCO):
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American Superconductor Corp., Two Technology Drive, WestboroughQM&1, Tel.
508.836.4200, Fa%08.836.4248nttp://www.amsuper.com/
Fujikura, http://www.fujikura.co.jp/ie_e.html
SuperPower, 450 Duane Avenue, Schenectady, NY 12304, Tel.: 5181246 Fax.
518/3466080,http://www.igc.com/superpower/
Theva GmbH, R@-KreuzStr. 8, D-85737 Ismaning Germany, Tei49 89 923344,
Fax. +49 89 9233440, info@theva.comhttp://www.theva.com/
Thermometers and accessories (Chapter 5)
Beryllium-oxide highthermatconductivity chips:
Lake Shore Cryotronics, WestervilleH33081, Tel. 614891-2244, Fax. 6148181600,
http://www.lakeshore.com
Capacitance bridges:
Automatic bridged Andeeri Hagerling Inc., Cleveland, OH, Tel. 48390370, Fax.
440-349-0359, http://www.andeethagerlirg.com/
Capacitance controller cayd_ake Shore Cryotronics, Westerville, OH 43081, Tel.-614
891-2244, Fax. 614818 1600,http://www.lakeshore.com
General Radio capacitance bridges (5 digit) available from IET loebsWestbury, NY,
Tel. 8008998438, Fax. 518345988, http://www.ietlabs.comér Tucker
Electronics, Dallas TX, Tel. 86527-4642, Fax. 218480367,
http://www.tucker.com/
Greasé thermally conducting:

Apiezon NO greasé Apiezon Products, M & | Matéals Ltd., Manchester, UK, Tel.
+44 (0)161 864 5419, Fax. +44 (0)161 864 544th://www.apiezon.com/
Cry-CorO greasé available, for example, from Janis Research Co., Accessories and
Ancillary Equipmenthttp://www.janis.com/
Thermometers for cryogentemperatures and calibration services:
Lake Shore Cryotronics, Westerville, OH 43081, Tel.-8924-2244, Fax. 6148181600,
http://www.lakeshore.com
Oxford InstrumentsCryospares, Witney, Oxfordshire, UK OX294TTel. +44(0)1865
881437, Fax. +44(0)1865 88404ttp://www.oxinst.com/cryospares/
Scientific Instruments, Inc., West Palm Beach FL 33407, Tek88348500, Fax. 561
881-8556, http://www.scientificinstruments.com/
Tinsley Manufacturing, supplier of ediuni iron resistance thermometers in wire form.
Temperature controllers:
Lake Shore Cryotronics, Westerville, OH 43081, Tel.-8924-2244, Fax. 6148181600,
http://www.lakeshore.com
Oxford Instruments, Witney, Oafdshire, UK OX294TL, Tek44(0)1865 881437, Fax.
+44(0)1865 88404%ttp://www.oxinst.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 06047, 8068484286
or 2033591660,Fax. 2033597700, 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. Box380Orange, CT 06477, 8BY82442,
http:/Mww.ameriseal.com
Garlock Helicoflex, P.O. Box 9889, Columbia, SC 20290, Tel.-823-1880,
http://www.helicoflex.com
Hydrodyne, 325 Damon Way, Burbank, CA 91505, Tel.-8489667,
http:/Mww.hydrodyne.com
Nicholsons Sealing Technologies Ltd., Hamsterley, Newcastle upon Tyne, UK, NE17 7
SX, Tel. +44 (0)1207 56050&ttp:/Mww.nicholsons.com
Dynamic seals: @ings, springloaded PTFE:
Bal Seal Engineering Co., Inc., 620 West Ave., Santa Ana, CA 92399, Tel. 714
557-5192.
Vacuum flanges and fixtures: Ladish-Oiover, and ISO KF; available from general vacuum
equipment suppliers suels:
Duniway Stockroom Corp., Tel. 86%16-8811,http://www.duniway.com/
Kurt J. Lesker Co., Tel. 86D451656,http://www.lesker.com/
O-rings, indium wire:
Indium Corp. of America, 1676 Lincoln Ave., Utica, NY. 13503.
O-rings, metal:
Perkin Elmer, Babville, MD, Tel. 301937-4010.
Screws (silver plated to prevent galling, precleaned, and optionally vented for vacuum systems):
McMastei Carr, http://www.mcmaster.com/
U-C Components, Morgan Hill, CAttp://www.uccomponents.com/

Wire (Sec. 4.1, 4.2and 4.3)
Phosphotbronze twisteevire pairs for thermometer leads:
Lake Shore Cryotronics, Westerville, OH 43081, Tel.-8924-2244, Fax. 6148181600,
http://www.lakeshore.cohrQuadT wi st E cryogenic wire.
Pure indium wire for indium @ings:
Indium Corp. of America, Tel. 318534900 or 804-INDIUM, askus@indium.com,
http://www.indium.com/
Stripper (chemical) for polyimide (Kapt@) wire insulation:
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Milleri Stephenson chemic&eorge Washington Hwy., Danbury, CT 06810, Tel.-203
7434447, Fax. 20391-8702, support@millestephenson.com, M$§11
stripping agent.
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A2. Heattransfer (ref. Chapter 2)

A2.1 Thermal conductivity integrals for technical cryostat mateti@ee éso Fig. 2.1 in Sec.
2.2)

The thermal conductivity integrals tabulated below are referenced to 4 K. Stataly

heat conductioongthrough a solid member of uniform cross seciaand length. may be
determined between two arbitrary teengturest; andT, by taking the difference between the
two corresponding 4 K integral values:

Geonal AL 1 (M) dT = AL{ A 1 (T)dTi A" | (T)dT},

wherel (T) is the temperaturdependent thermal conductivity.

Datafor materials other than those tabulated may be estimated well enough for eryostat
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 examps,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 P@exValues for Manganin can be approximated
by those given for Constantan, and values for Istand 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 tdugh pitc
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.
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Thermal Conductivity Integrals

Ak’ | dT  [kw/m] [W/m]

COPPER COPPER ALLOYS ALUMINUM STAINLESS i CONST GLASS POLYMERS
STEEL ANTAN

T(K) . Elect. Phos. Be/Cu German i Com Mn/Al Mg/Al Average Average | TeflonO Perspe®  NylonO
Tough  Deox. 98 Cu Silver mon 98.5 Al 96 Al Types PyrexO
Pitch® 2Be 60 Cu25: Pure 1.2 Mn 3.5 Mg 303,304, Quartz
Zn15Ni i 99 AI® plus traces plus traces 316, 347 Boro-
Silicate

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 0.001® 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
20 140 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 | 208 0635 0155 0102 | 424 0850 0338 | 00277 | 0124 | 279 | 239 1.44 1.39
30 278 0925 0229 0153 592  1.23 0490 = 00424 = 0181 | 368 = 3.23 1.96 2.08
35 345 126 ; 0316 0211 7.73 167 0668 00607 & 0244 | 471 413 2.59 2.90
40  40.6 164 | 0415 0275 962 = 217 0770 = 00824 = 0312 | 58 508 3.30 3.85
50 | 50.8 253 i 0.650 0415 | 134  3.30 1.24 0.135 0457 | 846 | 7.16 4.95 6.04
60 587 355 i 0930 0568 17.0 455 1.79 0.198 0612 | 115  9.36 6.83 8.59
70 651 468 i 125 0728 202 589 2.42 0.270 0775 | 151 = 116 8.85 11.3

76 686 539 | 146 0826 220 672 282 | 0317 0875 | 175 = 130 101 131

80 | 707 589 | 160 0893 | 232 7.8 309 [ 0349 | 0943 | 194 | 139 110 142
90 756 720 i 199 1060 258  8.71 3.82 0.436 1.11 240 = 163 13.2 17.3
100 802 858 | 240 123 284 102 4.59 0.528 1.28 29.2 | 187 155 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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Ak’ | dT  [kw/m] [W/m]
COPPER COPPER ALLOYS ALUMINUM STAINLESS | CONST GLASS POLYMERS
STEEL ANTAN
T(K) i Elect. Phos. Be/Cu German i Com Mn/Al Mg/Al Average Average | TeflonO Perspe®  NylonO
Tough  Deox. 98 Cu Silver mon 98.5 Al 96 Al Types Pyre)O
Pitch® 2 Be 60 Cu25: Pure 1.2 Mn 3.5 Mg 303,304, Quartz
Zn15Ni i 99 AI®  plus traces plus traces 316, 347 Boro-
Silicate
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 42.0 194 10.1 1.17 2.2 69.4 33.8 29.4 40.5
180 114 215 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
& Data from:

V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Repoi@(Part Il. U.S. Government Printing Office, Washington, D.C.
D. H. J. Goodall (1970), A.P.T. Division, CullneScience Center, Abingdon, Oxfordshire, UK.
® The high thermal conductivity of nearly pure metals is variable and strongly depends on their impurity content; se.Sec. 6.4.
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A2.2 Emissivity of technical materials at a wavelength of aboutri(rfoom tenperature) (Sec.

2.4)
Material Emissivity
highly common
polished oxidized 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 Handbo@©72) 3 edition, Chater 6, McGrawHill, New York.
M. M. Fulk, M. M. Reynolds, and O. E. Park (195BJpc 1954 Cryogenic Eng. ConflNat. Bur. Stands.
(U.S.) Report No. 3517, p. 151. U.S. Government Printing Office, Washington, D.C.
W. H. McAdams (1954)Heat Transmissiar8™ edition, McGraw Hill, New York.
W. T. Ziegler and H. Cheung (1957proc 1956 Cryogenic Engineering Conferenidational Bureau of
Standards, p. 100. U.S. Government Printing Office, Washington, D.C.
Emissivities of additional materials at room teargture are availabla the technical reference sectionTdfe
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Temperature Handbod2002) 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 44% Ndfskgf or
100Ibf) (Sec. 2.6)

Heat conductance at a force leffabther than 445 N can be determined by multiplying
these data by the ratio/ 445 N. In addition to these data, see Fig. 2.7 for heat conductance
values covering a wide range of temgdares (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 77K y*
Gold/Gold 23 10 wiK® 1.3%
Copper/Copper 13 10%2W/K® 33 10 WiK" 1.3°
Steel/Steel 53 10°W/K" 32 10" WiK"®
Sapphire/Sapphire 73104 WiK? 32

* Values ofy are for calculating the heat conductance at temperatures below 4.2 K by using Eq. (2.14) in Sec. 2.6.
#R. Berman and C. F. Mate (1958)ature182, 1661.
P R. Berman (1956)]. Appl. Phys27, 318.

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011



A3. Cryostat construction (ref. Chapter 3)

A3.1 Highthermalconductivity constructiomnetal properties: RRR, thermal conductivity, and electrical redigt{8ec. 3.2.2)
RRR? r,93dr 4k, the residual resistivity ratid; 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?' | 205 K° Lok o0ak 7k Use Comments
(ragadra) [ W/ (- m. [ W ( mAK [mMVAcm] [MAVAcC m
Copper
High purity ~2000 394 ~11300 1.68 0.19 Very high Thermal conductivity can be
(99.999 % purej* thermatcond. increasedy annealing; see
parts. footnotes c and d.
Oxygenfree®%® High thermal Thermal conductivity can be
Grade C10108°¢ ~150 394 ~850 1.72 0.19 cond. foil, increased by annealing; se
(99.99 % pure) rods, pates, footnotes ¢ and d.
Electronic grade C10200* ~100 390 ~560 1.72 0.19 and tubes.
(99.95 % pure)
ETP ~100 390 ~560 1.71 o) High thermal ETP? electrolytictoughpitch
Grade C11000° cond. rods, copper
plates, wire,  Contains aboud.3 % oxyged
and wire cannot be used for
braid. hydrogen brazing
Thermal conductivity of cold
worked ETP copper can b
increased by annealing; se
footnote c.
Phosphorus deoxidized 3to5 339 ~14to 24 2.03 0 Tubes

Grade C12200
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Material RRR?f | 293 K° 4ok Foesk® 7k Use Comments
(Crogarak) [ W/ ( m. [ W ( mAK [mMMAc m] [MNVAC m
Brass ~2.5 125 ~4.5 7.2 4.7

Free cutting brass
Grade C36000

Beryllium copper, annealed 15t025 ~84 ~1.810 3.0 6.41t010.7 4.2t08.5

Grade C17000C17300 depends on depends on depends on
processing processing processing
Aluminum

99.999 % high purity ~1000 235 ~3400 2.76 0.23

Grade 1100 ~14 222 ~45 o}

Grade 6063 ~7 218 ~22 o}

Grade 5052 ~1.4 138 ~2.8 4.93 0

2The listed RRR values are nominal and can vary by about 50 % from sample to sample for the purer grades, dependingmiratigypemf impurities as
well as coldwork condition.

® Unified Numbering System (UNS) grade numbers for metals and alloys.

“ The thermal and electrical conductivitydéformedandcoldworkedhigh-purity, oxygenfree, and ETP copper can be increased (ddipgron the amount of

cold work) by annealing. Heat in vacuufa 10'* torr) or argon at about 50C 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 reaiftaregrd with dilute nitric acid.

4 Although this is not commonly done, further increase in the thermal and electrical conductivity can be obtained by theidirgetic iron impurities in high
purity and oxygetfree copper (but not in ETP coppetieh contains too many impurities other than iron). The RRR of oxfrgercopper is typically
increased from ~100 as received, to ~800 after oxidation; the RRR of high purity (99.99 %) copper is typically increasEsDbas received, to more
than10 000 after oxidation. Heat the copper part at about 2006 oxygen at about 0.13 Pa to 1.3 Pd{1drr to 10 torr) pressure. About a day of
annealing is required for small parts, up to a month for large copper billets [ref. F. R. Fickett i1&@4) Sci. Engl4, 199 210].

© Sources of oxygefree copper are not as plentiful as ETP copper, especially in tube form. Howeverstifdriglatconductivity tubes are needed or if hydrogen
brazing is to be done, oxygdiree copper is required. Sujgrs of oxygerfree copper are listed in Appendix A1.7 under Material, copper.
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"From C. A. Thompson, W. M. Manganaro, and F. R. Fickett (199)genic Properties of Coppétall Chart, NIST, and the references cited therein. U.S.
Government Printing ffice, Washington D.C.
9 Metals Handbook1961) Vol. 1, Properties and Selection of Materiag edition, ASM International, Materials Park, Ohio.
" Calculated from the Wiedemainfran Lorenz law, Eq(2.4): | =Ly T /1, whereLy is the Lorenz constd; this results in
[ (4.2 K) =1(293 K) ( 2031/T 4x) (4.2 K/293 K).
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A3.2 Heat conduction along thimalled stainlessteel tubing' (Sec. 3.2.2)

The heat conduction values tabulated in this table may be simply scaled to lengths other
than 10 cm (imersely 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%@fficiency, the resultant heat
flow would be 1/10 of the values given for T = 77 K and 1/32 of those for T = 300 K.

Wall Cross Sectional Heat conducted [milliwatts]
Tube O.D. Thickness Area along 10 cm of tubing withree end
[inches] [inches (mm)] [cm?] at 4 K and the other at:
T=77K T=300 K
1/8 0.0040 ( 0.0098 3.1 mw 30 mwW
3/16 0.0040 ( 0.0149 4.7 45
1/4 0.0040 ( 0.020 6.3 61
3/8 0. 006 omm) ( 0.045 14 137
1/2 0. 006 omm) ( 0.060 19 184
5/8 0.0060 ( 0.075 24 230
3/4 0.0060 ( 0.091 29 277
1 0.0060 ( 0.121 38 370
11/4 0.0100 ( 0.251 80 770
11/2 0.0100 ( 0.302 96 924
2 0.0150 ( 0.604 191 1847

All dimensions are in inches.

% From:
V. Johnson (1960), NBS, Wright Air Development Div. (WADD) Technical Repo&&dPart 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 Pipeand tubing size%” (Sec. 3.5)

Type K Copper Tubing Brass Pipe Steel and PVC Pipe, Schedule « Soft Copper Refrigeration Tubing
Nominal Size Internal External Internal External Internal External Internal External
[inches] Diameter Diameter Diameter Diameter Diameter Diameter Diameter Diameter
1/8 NA € 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
2-1/2 244 2.625 2.745 2.875 2.469 2.875
3 291 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
5 481 5.125 5.298 5.562 5.047 5.562
6 5.74 6.125 6.309 6.625 6.065 6.625

@From B. Brawlt (2002), National HigiField Magnet Laboratory, Florida State University, personal communication.
® All dimensions are in inches.
‘NA [ Not Available.



A3.4 Screw and bolt sizes, hexagon sebket sizes, and load limits (Sec. 3.3.1)
Maximum load and minimum engaged thread length are determined for statelelstéSS) bolts assuming a yield strength of 414
MPa (60 ksi). Hexagosockethead diameters and heights are given to facilitate laying out bolt circles on vacuum flanges.

Screw? Tap
Sizei drill
Number Maximum® Number® Number size Clearance
of load engaged engaged (inch, drill size
threads  Major Diam. Nearest (SS bolts) Engagedength® threads Engaged length threads Socket head Socket head number, (number
perinch  [inches (mm)] Standard [Ibf (kN)] (SSinto SS) (SSintoSS) (SSinto Al)  (SSinto  diameter height® &letter & inch
Metric Size [inches (mm)] [inches (mm)] Al) [inches] [inches] drills) drills)
Max Min Max Min
0-80 0.0600 (1.524) M1.63 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) M230.4 157 (0.70) 0.03% (1.01) 25 0.0786 (2.00) 5.0 0.118 0.112 0.073 0.070 53 47
1-72 fi fi 167 (0.74) 0.0407 (1.03) 2.9 0.0831 (2.11) 6.0 fi fi fi fi 53 47
2-56 0.0860 (2.184) fi 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 fi fi 236 (1.05) 0.0482 (1.22) 3.1 0.0100 (0.25) 6.4 fi fi fi fi 50 42
3-48 0.0990 (2.515) M2.53 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 fi fi 314 (1.40) 0.0558 (1.42) 3.1 0.115 (2.93) 6.5 fi fi fi fi 46 37
4-40 0.1120 (2.845) M33 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 fi fi 396 (1.76) 0.0625 (1.59) 3.0 0.129 (3.27) 6.2 fi fi fi fi 3/32 31
5-40 0.1250 (3.175) fi 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 fi fi 499 (2.22) 0.0703 (1.79) 3.1 0.145 (3.68) 6.4 fi fi fi fi 37 29
6-32 0.1380 (3.505) M43 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 fi fi 609 (2.71) 0.0775 (1.97) 3.1 0.161 (408) 6.4 fi fi fi fi 33 27
8-32 0.1640 (4.166) fi 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? Tap
Sizei drill
Number Maximum® Number® Number size Clearance
of load engaged engaged (inch, drill size
threads  Major Diam. Nearest (SS bolts) Engagedength® threads Engaged length threads Socket head Socket head number, (number
perinch  [inches (mm)] Standard [Ibf (kN)] (SSinto SS) (SSinto SS) (SSinto Al) (SSinto  diameter height* & letter & inch
Metric Size [inches (mm)] [inches (mm)] Al) [inches] [inches] drills) drills)
Max Min Max Min
8-36 fi fi 884 (3.93) 0.0932 (2.37) 3.4 0.196 (4.98) 7.1 fi fi fi fi 29 18
10-24 0.1900 (4.826) M523 0.8 1050 (4.68) 0.103 (2.6) 25 0.201 (5.11) 4.8 0.312 0.303 0.190 0.185 26 9
10-32 f f 1200 (5.34) 0.109 (2.76) 35 0.230 (5.83) 7.3 fi i fi i 21 9
12-24 0.2160 (5.486) fi 1450 (6.45) 0.120 (3.05) 2.9 0.244 (6.20) 5.9 o} 0 o} 0 16 2
12-28 f f 1550 (6.88) 0.123 (3.13) 35 0.261 (6.62) 7.3 o} 0 o} 0 15 2
1/4-20 0.2500 (6.350) M63 1.0 1910 (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 fi fi 2180 (9.71) 0.146 (3.71) 4.1 0.318 (8.07) 8.9 fi fi fi fi 3 17/64
5/1618  0.3125 (7.938) M83 1.25 3150 (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 i M83 1.0 3480 (15.5) 0.185 (4.69) 4.4 0.405 (10.3) 9.7 fi i fi i I 21/64
3/8-16 0.3750 (9.525) M10% 1.5 4650 (20.7) 0.214 (5.43) 34 0.451 (11.5) 7.2 0.562 0.550 0.375 0.368 5/16 25/64
3/8-24 i M103 1.0 5270 (23.4) 0.226 (5.75) 5.4 0.511 (12.3) 123 fi i fi i Q 25/64
7/1614 0.4375 (11.112) M123 1.75 6 380 (28.4) 0.251 (6.37) 35 0.530 (13.5) 7.4 0.656 0.642 0.438 0.430 U 29/64
7/16-20 fi M123 1.25 7120 (31.7) 0.263 (6.68) 5.3 0.592 (15.0) 11.8 fi i fi i 25/64 29/64
1/2-13 0.5000 (12.700) M123 1.75 8510 (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 fi M123 1.25 9600 (42.7) 0.305 (7.74) 6.1 0698 (17.7) 14.0 fi i fi i 29/64 33/64
9/1612 0.5625 (14.288) M163 2.0 10 900 (48.6) 0.327 (8.30) 3.9 0.706 (17.9) 8.5 o} 0 o} 0 31/64 37/64
9/16-18 fi M163 1.5 12 200 (54.2) 0.343 (8.72) 6.2 0.788 (20.0) 14.2 o} 0 o} 0 33/64 37/64
5/8-11 0.6250 (1%875) M163 2.0 13600 (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 fi M163 1.5 15400 (68.3) 0.385 (9.78) 6.9 0.894 (22.7) 16.1 fi fi fi fi 37/64 41/64
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Screw? Tap

Sizei drill

Number Maximum® Number® Number size Clearance
of load engaged engaged (inch, drill size

threads  Major Diam. Nearest (SS bolts) Engagedength® threads Engaged length threads Socket head Socket head number, (number

perinch  [inches (mm)] Standard [Ibf (kN)] (SSinto SS) (SSinto SS) (SSinto Al) (SSinto  diameter height* & letter & inch

Metric Size [inches (mm)] [inches (mm)] Al) [inches] [inches] drills) drills)
Max Min Max Min

3/4-10 0.7500 (19.050) M203 2.5 20100 (89.3) 0.442 (112) 4.4 0.973 (24.7) 9.7 1.125 1.107 0.750 0.740 21/32 49/64

3/4-16 i M203 1.5 22 400 (99.5) 0.464 (11.8) 7.4 1.09 (25.6) 17.4 f fi f fi 11/16 49/64

Al [ aluminum, SS [ stainless steel

& ANSI screw thread standard.
®|t is good practice to derate these maximum loads by about a factor of 2 safety margin.
“To prevent galling and seizing, especially for stainless steel into stainless steel, ugdagidestainlessteel bolts or coat them with MaSSources of such screws are

listed in Appendix A1.7 under Vacuum accessories, Screws.
4From R. O. Parmley, ed. (199 8tandard Handbook of Fastening and JoiniNg:Grawi Hill.
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A3.5 Clearances for varus 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 theaded specificationsinth®la c hi ner y 6's
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 nuavitsgthat 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) mhesimuch 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 1f8inch Approximate Gap for a tihch Approximate Gap for a 5 inct

(3.2 mm) diameter shaft (25 mm) diameter shaft (127 mm) diameter shaft
[10"*inch] [10"inch] [10"%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 reaials”®? (Sec. 3.3.3)

Braze Materials Tielt Comments Materials Commonly
[°C] Joined
35%Au 65%Cu 9901 1010 For the first two braze materials, make gap  For any of the braze
50%Au 50%Cu 955970 0.02 to 0.08 mm (0.001 to 0.003 inch)  materials in this group:
82%Au 18%Ni eutectic 950 (Trade mme:NIORO) For NIORO, make SSto SS
gap 0.10 to 0.13 mm (0.004 to and
0.005inch) SSto C#
72%Ag 28%Cu 780 Eutectic mixture (Trade name: CU$ For any of the braze
63%Ag 27%Cu 10%In 685730 (Trade name: INCUSIL 10) materials in this group:
61.5%Ag 24%Cu 14.5%In 630705 (Trade name: INCUSIL 15) Cuto CU/?

#Be aware that copper melts at about 1883

® Available in wire, sheet, powder, and preforms.

° Braze stop material (STOPYT) can bedso control unwanted flow.

4 Materials available from WESGO Division, GTE Prod. Corp., 477 Harbor Blvd., Belmont, CA 94022.
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A3.7 Solder: Physical properti@$ (Sec. 3.3.4)

Solder materials are generally ordered within each tabulated group agdordielting 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 stiluntdliesolidifies. For
machined pieces, the gap between the parts should be as noted in the table, generally in the range of about 0.05 mm{G®O02LBam

to 0.005 inch).

Suppliers of specialty solders are given under the heading of Soldextagats in Appendix A1.7.

Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strengtf
[glen?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10'9]

Hard (silver) Gap should be about Fluoride flux, Borax, or

solder group 0.05t0 0.1 mm Boric acid mixed to a

(Agi Cu alloys) (0.002 to 0.004 paste with alcohol

inch) (Wash with hot water
after soldering; see
Sec. 3.3.4)
56Agi 22Cu 17Zni 5Sn 618 649°C 9.21 Flows freely, ductile

(Safety Silv #56)

45Agi 30Cu 25Zn
(ASTM Grade 4)

20Agi 45Cu 35Zn
(ASTM Grade 2)

1144 1200°F

675745 °C
12471373 °F

775815 °C
1427 1499 °F

Strong

Flows readily on
melting
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Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
70Agi 20Cu 10Zn 725 755 °C Malleable and ductile

(ASTM Grade 7)

Ag

13371391 °F

960 °C
1760 °F

Sofi solder group
(alloys of Sn and
Pb)

Gap should be about See Table 3.8 to match
0.05t0 0.13 mm flux and metal
(0.002 to 0.005 Mild: Rosn, rosin in
inch) alcohol, paste of
petroleum jelly, ZnGl
& NH,CI

Stronger, corrosive
ZnCl, (Zn dissolved in
HCI)

Stainlesssteel flux,
highly corrosive ZnCl,
with excess HCI,
HsPQO, (after soldering,
neutralize these fluxes
with baking sdla and
wash with water)
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Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
63Sn 37Pb 183 °C 8.4 11.5 50 25.0 52 Eutectic mixture, Use pure (not
(60Sri 40PDb) 361 °F high quality, Afactivated:
generalpurpose for electrical Cu
solder used in connections, Sec. 3.3.
electronics
6351 36.65PH0.35Sb 183 °C Eutectic mixture, Use pure (not
361 °F generalpurpose factivated:
solder used for for electrical Cu
electrical connections, Sec. 3.3.
connectionat low
temperatures. Sb
helps inhibit
embrittlement and
cracking from
cryogenic thermal
cycling.
96.5S1i 3.5Ag 221°C 7.50 16.0 33 30.2 39 Eutectic mixture;
430°F stronger than Ab

Sn solders (a
common trade
name is

Staybrite
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Solder Composition

[percent by weight]

Comments

Flux

93P 5.2S1n 1.8Ag

97.5Ph 1.0Sn 1.5Ag

92.5PH 5Ini 2.5Ag

Melting Mass  Electrical Thermal Thermal  Tensile
Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
299 °C
570 °F
309 °C
588 °F
3000310°C 11.02 5.5 25 25.0 31
5721590 °F

Used forelectrical

connectionsvhen a
higher melthg
temperature is
needed. Low Sn
helps inhibit
embrittlement and
cracking from
cryogenic thermal
cycling.

Eutectic higher

metlting-
temperature solder
widely used in
semiconductor
assembly

Highermelting

temperature solder
with minimal Au-
leaching properties

FromExperimental Techniques for Low Temperature MeasurerbgrntackW. Ekin, Oxford Univ. Pres2006,2007, 2011

Use pure (not
Afactivat ed:
for electrical copper
connections, Sec. 3.3.



-60-

Solder Composition Melting Mass  Electrical Thermal Thermal  Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
95PKk 5Sn 308312°C 11.06 8.8 23 300 28 Low-cost high
586 593 °F melting
temperature solder
Not recommended
for Ag- or Au-
plated parts
because Sn
aggressive
dissolves Ag and
Au films
Specialty solder
rou
Solders 95.5S1i 3.5CU 1Ag” 214228 °C Pb-free solder for Any of the mild fluxes
compatible with 4171 442°F potable water Cu
drinking water pipes; flows well
Solders for 10Sn 90Zn 199 °C 7.27 15.0 61 55 Solders Al; eutectic  Reaction flux: contains
aluminum 390 °F with lowest melting  ZnCl,, tin chloride, or
temp. both; must be heated t(
280 38C°C to work.
60Sni 40Zn 199340 °C Solders Al; low Reaction flux
390644 °F melting temp.
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Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C

[10']
95Zri 5Al 382 °C 6.6 Solders Al; high joint Reaction flux; no flux
720 °F strength needed for electronic
applications
Solders for thin 66.3Iri 33.7Bi 72 °C 7.99 Eutectic; very low Mild ZnCl, solution for
noblemetal films 162 °F melting soldering to Cu; no flux
temperature solder needed foAg if
for thin Ag or Au surfaces are freshly
films and made and clean
contacting higHr,
superconductors;
low strength
97Ini 3Ag 143 °C 7.38 23.0 73 22.0 55 Eutectic; low Mild ZnCl, solution for
290 °F leaching solder for  Cu; no flux needed for
thin Ag or Au films  Ag if surfaces are
and contacting freshly made and clear
high-T,
superconductors
Solders for 52Ini 48Sn 118 °C 7.30 11.7 34 20.0 11.8 Eutectic; low melting Mild ZnCl; solution for
difficult-to-solder 244 °F temperature; highe Cu
materials yield strength; Sn
leaches Ag or Au
films
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Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
50Ini 50Sn 116/126°C  7.30 11.7 34 20.0 11.8 Wets glass readily.
241 259 °F
In 157 °C 7.31 24.0 86 29.0 1.9 Low strength; wets  No flux needed for

315 °F glass wetting glass, but clear
surfaces required; mild
ZnCl, flux needed for
soldering to Ctbased
materals

62Sri 36Ph 2Ag 179 °C 8.41 11.9 50 27.0 44 Eutectic; higher
354 °F strength, moderate

melting:
temperature solder

Solders for low
thermoelectric
voltage

70.44Cd 29.56Sn

Very low therme
electric power with
respect to copper
near room
temperature.
Contains cadmium,
whose fumes are
TOXIC.
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Solder Composition Melting

[percent by weight] Temperature Density?

Thermal Tensile Comments Flux
Coef. of  Strength

@ 85C Expansioi  [MPa]

@ 20C
[10°]

971ni 3Ag 143 °C
290 °F

Eutectic; a NON Mild ZnCl, solution for
TOXIC alternative soldering to Cu
to low-thermo
electricvoltage
Cd-based solder; Ir
and Ag have
thermoelectric
powers close to
Cu; stronger than
pure In

Very low melting
temp. solder

rou
(Alloys of Bi with
Pb, Sn, Cd, and
In)

As a class, Bbased Corrosive ZnCJ solution
solders expand on  usually required; pre
solidification and tin partsat higher temp.
are weak and (2 300°C) to activate

brittle.
flux

49Bii 18PK 12Sri 21In 58 °C
136 °F

23.0 43 Eutectic alloy;
expands slightly on
solidification and
then shrinks slowly
over several hours.
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Solder Composition Melting Mass  Electrical Thermal Thermal Tensile Comments Flux
[percent by weight] Temperature Density?  Cond? Cond? Coef. of  Strength
[glcn?]  [% of Cul @ 85C ExpansioA [MPa]
[ W m/i @ 20C
[10']
50Bii 25PK 12.5Sii 651 70 °C 9.60 3.1 31 Contains Cd, whose
12.5Cd 149 158 °F fumes are TOXIC.
(Woodbs n Similar to Ostalloy®
158
50Bii 26.7P 13.3Shi 70 °C 9.58 4.0 18 22.0 41 Contains Cd, whose
10Cd 158 °F fumes are TOXIC.
(Cerrobend)
66.3Iri 33.7Bi 72 °C 7.99 Eutectic; \ery low Mild ZnCl, solution
162 °F melting
temperature solder
for thin Ag or Au
films and
contacting higkr,
superconductors;
low strength
55.5Bii 44.5Pb 124 °C 10.44 4.0 4 44 Contracts slightly on
(Cerrobase) 255 °F solidification

& Indium Corp. of Ameica, http://www.indium.com/

b J. Ross (2002), CanfikCorp., personal communication
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A3.8 Solder fluxes for sedbldering common metals and alléySec. 3.3.4)

Material Flux
Mild ® Corrosive®  Special Flux
and/or Soldet

Aluminum i
Aluminumi Bronze 1
Beryllium Copper i

Brass 1 q

Copper 1 1

Coppefr Chromium Ll

Coppef Nickel i

Coppef Silicon i

Gold 1

Inconel 1

Lead 1 1

Magnesium 1
Monel 1

Nickel 1

Nichrome 1
Platinum 1

Silver i i

Stainles Steel ]
Steel q

Tin i Ll

Tini Zinc i i

Zinc i

% Information from J. F. Smith and D. M. Borcina, Lead Industries Assoc., Inc., New York, New York.

® Mild fluxes: rosin, rosin in alcohol, paste of petroleum jelly, zinc chloride, or ammoniumniddl 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 mdsture to form hydrochloric acid, which attacks electronic circuits and perforates thin (0.1 mm)
stainlesst eel tubing. For soldering copper electronic c
flux or pastes. See Sec. 3.3.4 for moferimation.

¢ 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 bsddiadwater solution or
ammonia/detergent/watsolution.

4 Special Flux and/or SolderAppendix A3.7 has information on hightprrosive stainlessteel soldering fluxes as
well as types of solders and fluxes that work with aluminum. After soldering, wash away corrosive acid fluxes
with water or ispropanol; then neutralize the pH by blotting the area with a balddg/water solution or
ammonia/detergent/water solution.
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A3.9 Solder: Superconducting properfi¢Sec. 3.3.4)

T.[ superconducting

transi

Hco[ s u pdacting oritical field of the solder

t

on

temperature

Solder T, H. (1.3K) Melting Temperature
[wt%] (K] [T] [°C]
60Sn 40Pb 7.05 0.08 182188
5031 50Pb 7.75 0.20 182216
30Sn 70Pb 7.45 0.15 182 257
95S1i 5Sb 3.75 0.036 232240
50Ini 50Sn 7.45 0.64 1171125
50Ini 50Pb 6.35 0.48 1801 209
97.5Ph 1.0S1 1.5Ag 7.25 0.11 309

&From W. H. Warren and W. G. Bader (196Rpv. Sci. Instrun®0, 180 182.
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A3.10 Sticky stuff for cryogenic applications (Sec. 3.3.5)

Material

Application and comments

Epoxies

Araldite Type 10 ?

Eccobond 0 °

ScotchWeld DR4600 ©
Silver-based epox§

Stycast 1266 °©

Stycast 2850 FO ©

Low-viscosity, unfilled epoxy. Robust and good adhesion at cryogenit
temperatures.

High performance urethane, typart epoxy, Du®P a k E car t r i

Electrically and thermallyanductive epoxy.

Low-viscosity, unfilled epoxy. High thermal expansion, but thin films ¢
this epoxy do not crack and provide good adhesion at cryogenic
temperatures. Crack resistance can be improved by heatin§Gdf@0

4 h after epxy has hardened.

High-viscosity epoxy; filled with silica powder to provide a low thermal
expansion matching that of copper.

Tapes

Fiberglass Electrical Tape

KaptorO Tape

Masking Tape

MylarOEl ectri cal
fiyel |l owd tape)

Tough under cryogenic cycling and withstands cycling to higher
tempeatures when soldering.

A robust tape, well suited for providing tough, durable electrical insula
between cryostat parts.

All-purpose tape. The adhesion improves with thermal cycling. Tape
becomes brittle with age andentually becomes difficult to remove.

Maintains adhesion better than Kapfbitape upon cryogenic cycling, bu
thinner (10% 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

TeflonO Pipethread Tape

Excellent for wrapping wires to supports structure for mechanical supj
or fastening samples to sample holdespecially where you do not want
to deal with sticky tape that is hard to remove. For the same reason,"
also the best tape for corralling fine delicate wires. To protect small w
from mechanical damage, place a layer of \ap#erthe wires asvell as
over them when wrapping them to a support structure.

Varnish and Glues

BostikO Multibond Glue®
Ducod Househtd Cement (model

airplane glue)

IMI 70310 varnish (formerly GE
70310) varnish”

LoctiteE

White Shellac

All-purpose glue that holds well at cryogenic temperatures. Easier to"
with if thinned with acetone or methgthylketone.

All -purpose glue that survives thermal cycling well. Can be thinned o
removed with acetone. Not good for wires because the acetone dissc
varnish insulation. Good for sticking samples to the sample rod in a
vibratingsample magnetometer.

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 e
wire insulation). Baking the varniginder a heat lamp decreases drying
time.

Low viscosity adhesive used in machine shops as a substitute for lock
interference fits, or silver soldering. Good for securing #fgtihg metal
parts. Cures at room temperature, but can be loosened by moderate
heating with a torchWorks OK at cryogenic temperatures.

Useful for adhering sapphire to sapphire.

Miscellaneous
ApiezorO Black Wax!
Beeswax, and Alox 35D

(Tmei=38°C to 43°C), and Alox
2138F) (Tye=71°C)

BluTackO '

Dental Floss (waxed or Agax)

Meltable adhesive.

Low-strength fillers. Although they yield at low stress, they are sometin
useful as magnetoil filling agents to minimize the probability of therma
runaway events that can otherwise result from microfracturing of epox
used to impregnate superconducting coils.

A gummy claylike adhesive for generally attaching leads to support
structures or mechanically holding almost anything in place.

Excellent for tying things together (like samples to samples holders) a
overwrappindragile instrumentation leads wound onto heat sinks. We
floss is a little easier to stick in place during wrapping and tying.
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Material Application and comments

Silver pasté Electrically and thermally conductive weak adhesive.

Suppliers of specialty materials include:

& Ciba Speialty Chemicals Corp, 4917 Dawn Ave., East Lansing, Ml 48823, Tel3515900, Fax 51:851-9003,
http://www.araldite.com/

® Emerson and Cuming Corttp://www.emersoncuming.com/

©3M, http://mww.3M.com/ distributed by MSC Industrial Supply, PN: 658846 (DucPak cartridge PN:
65861569), Tel. 80845-7270,http://www.mscdirect.combr McMaster Carr Supply Co., PN: 7467A26,
http://www.mcmaster.com/

4Ted Pella, Inc., P.O. Box 492477, Redding, CA 960497, Tel. 80237-3526; Fax. 532433761,
http:/Aww.TedPella.com/

¢ Emerson & Cummindattp://www.emersoncumming.com/

" Essex Brownell Inc., 4670 Shelby Drive, Memphis, TN 38118, Tel- 884636, Fax. 219161-4165; or from
http://www.mpsupplies.corBmtape56.html

9 Bostik Pty. Ltd., 5171 High Street, Thomastown, Vic., Australia 3074, Tdi655211

" Insulating Materials Inc., 1 W. Campbell Rd., Schenectady, NY 12306, TeB#&8200, Fax. 518953300
small quantities available from Lake Sh&@weyotronics, Westerville, OH 43081, Tel. 6881-2244, Fax.
614-818-1600,http://www.lakeshore.com

' Loctite, a Hendel Companiattp://www.loctite.com/

J Apiezon Products, M&l Materials Ltd., P.O. Box 136, MandbesM601AN, England. Tel. +44 161 875 4442,
http://www.apiezon.com/

¥ Alox Corp., Niagara Falls, NY

' Bostik Findley http://mww/bostikfindleyus.com/
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A3.11 Slippery stuff for cryogenic applications

Material

Application and comments

Lubricant coatings

Graphite
Molybdenum disulfide
TeflonE

Thicker lubricant coatings

Emralon® 2

Available as dry powder or spran coatings
Spray coatings; good for higher forces

Spray coatings, low coefficient of friction

Flurocarbon lubricant in aepoxy mixture for thicker lubricating coatings
or for making cast parts with a low coefficient of friction

Bearing materials

Kel-FE P

Nyl on E

TeflonE

Polychlorotrifluoroethylene Stronger than Teflo&
Stronger than Teflda , but higher coefficient of fction

Polyamide, low coefficient of friction, but softer than other materials

TeflorE_materials reinforced with Nyldh , fiberglass and other materials

Flurogold® ©
Parmax @f

Rulon® °

Teflon-coated Kaptok °©

Reinforced TeflonE
High strength polymer, similar uses as BorE

Teflon reinforced with Nylon, fiberglass, or other materials; available i
various formulations. Type J has the lowest coefficient of friction of th
Rulon® series. Applications include retainer rings for cryogenie ball
bearing raceways.

Useful, for example, as a cryogenic gasket material since the Eeflon
coating deforms for good sealing, but the stronger Kdptbase keeps
the gasket from extruding.
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Material Application and comments

TorlonE © PolyAmidel mi de (-Kapt onE c o nghstrength i on
polymer used for wear and friction parts. Capable of performing unde
continuous stress at temperatures to 260°C. Low coefficient of linear
thermal expansion and high creep resistance provide good dimension
stability. Available as sheend, or tube.

& Acheson Colloids Cohttp://www.achesonindustries.com/

® San Diego Plastics, Indttp://www.sdplastics.com/

¢ Granor Rubber and Engineerirutp://www.granor.com.auConroy & Knowlton Inc.,
http://conroyknowlton.com/materials.htm

4 Mississippi Polymer Technologigstp://www.mptpolymers.com/

° Boedeker, http://www.boedeker.com/
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A3.12 Degassing rates of synthetic matefa(Sec. 3.8.3)

Degassing rates ofietalsare given in Fig. 3.18.

Material Degassing rate at room Baking temperature Degassing rate at room
temperatee before baking [°C] temp. after 24 h bake
[ P aM&a [ P a5t

Araldite ATIO epoxy” 3.43 10" 85 B
MycalexO ° 2.73 10° 300 3
Nylon 310 ° 1.13 10* 120 8.03 107
Perspe© ° 1.33 10° 85 7.83 10°
Polythendd ° 4.03 10 80 6.63 10°
PTFE (Teflor®) ¢ 2.03 10" ) 473 107
Viton AO ° 1.33 10" 200 2.73 10°
Polyimide (Kapto®) ¢ 3 200* 6.63 10°

3 300* 4,03 10°®
KalrezO ® ) 300 4.0% 10°
Viton E60QO ° ) 150 ~13 10°

3 300 3.03 10°
*12 h bake

@Compiled by G. F. Weston (198%)|trahigh Vacuum PracticeButterworth, London.
PR. S. Barton and R. P. Govier (1965)Vac. Sci. Tect®, 113.

°B. B. Dayton(1959), Trans. 6" Nat. Symp. Vac. Technol, d. 101.

4P, W. Hait (1967)Vacuum17,547.

¢ L. DeChernatony (1977)acuum27, 605.
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A3.13 Vapor pressures of metal§Sec. 3.8.3)

Tabulated values in the three righand columns are expressed as the temperature
required to produce the vapor pressures indicated at the headno€olumn.
These data are plotted in Figs. 3.19a and 3.19b.

Metal Melting Temperature [K] giving a vapor pressite
Temperature [K] P =1.3310°Pa P=1.3310"Pa P=1.3310°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 o} 1695 1845 2030
Ca Calcium 1123 470 524 590
Cd Cadmium 594 293 328 368
Ce Cerium 1077 1050 1175 1325
Co Caobalt 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
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