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ABSTRACT

Calibrations of cryogenic resistance thermometers at NIST are performed by comparison to
standard thermometers on the International Temperature Scale of 1990 (ITS-90). The NIST Low
Temperature Calibration Facility (LTCF) can accommodate most capsule and miniature type
resistance thermometers suitable for use in vacuum within the range 0.65 K to 83.8 K, with
special tests possible as high as 165 K. All calibrations are traceable to the ITS-90 through
standard check thermometers owned and maintained by NIST. The ITS-90 defines temperatures
from 0.65 K upward via standard interpolating instruments, fixed points, and interpolation
equations. NIST has performed realizations of the 1TS-90 in the range 0.65 K to 24.5561 K and
maintains standard Rhodium-Iron Resistance Thermometers (RIRTS) to represent the results of
those realizations. Realizations of the ITS-90 over the range 13.8033 K to 273.16 K have been
performed at NIST and are maintained on a set of capsule-type Standard Platinum Resistance
Thermometers (SPRTS). Together, these check thermometers form the basis for maintenance and
dissemination of the ITS-90 at NIST over the range 0.65 K to 83.8 K. The techniques for
performing calibrations for a variety of resistance thermometers and the associated calibration
uncertainties are described.

Keywords: Low Temperature; Cryogenic; Thermometry; ITS-90; Calibration; Resistance
Thermometers;
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1 Cryogenic Resistance Thermometry

1.1 Introduction

The practical measurement of temperatures T below =77 K is a highly specialized subject which
utilizes a large variety of thermometers depending on the exact application. Resistance
thermometers are one class of devices commonly used in cryogenic systems which includes both
standard and industrial types. Most of the materials employed in cryogenic resistance
thermometers do not exhibit a high degree of interchangeability and rarely can a measurement of
the resistance R near 300 K yield accurate predictions of the R versus T characteristic at low
temperatures. In most cases this necessitates individual calibrations for almost all such
thermometers. This document describes techniques and services at the National Institute of
Standards and Technology (NIST) for accomplishing such calibrations on the International
Temperature Scale of 1990 (ITS-90) [1]. Temperatures on the 1TS-90 are defined down to a
lower limit of 0.65 K. The services described herein are primarily in the range 0.65 K to 83.8 K,
but some special test capability as high as 165 K is available.

The term ‘cryogenic’ refers to the application of low temperatures in science and engineering. It
is distinct from ordinary or conventional ‘refrigeration’ methods in both the technology and the
lower temperatures achieved. The exact dividing line in temperature between these two
disciplines is not well defined and depends on the perspective of a given science or industry
sector, with opinions ranging between =73 K and ~120 K. From the practical thermometer
calibration standpoint, T~165 K is a rough dividing line. Below this point vacuum methods are
usually required while above this point the more convenient alcohol-bath immersion methods are
preferable. This document primarily treats calibrations in vacuum over the range
0.65 K <T <165 K, which is roughly the same range covered in the most recent review by
Rubin [2].

There are many excellent reviews of cryogenic thermometry going back in time as far as
1962 [3], with later reviews from Rubin [2,4,5], Sparks [6], Courts et. al. [7], Yeager and
Courts [8], and most recently by Ekin [9]. These reviews include a great deal of information on
various practical thermometers appropriate for large-scale industrial applications. Some also
include descriptions of the development of reference grade resistance thermometers which are
used to maintain temperature scales at the national metrology institutes such as NIST. In contrast
to those reviews, the intent in this chapter is to only briefly introduce some basic concepts and
describe a few types of resistance thermometers which can be calibrated at NIST. These include
thermometers commonly used today in two categories: a.) standard reference thermometers with
the highest stability and b.) certain industrial thermometers which also exhibit good stability.

Cryogenic Resistance Thermometers (RTs) are commercially available in many material and
style variations. The general features are: a.) a temperature-sensitive material made from fine
wire, single crystal, poly-crystalline, or composite samples; b.) a protective sheath, normally less
than 5.7 mm in diameter, and sealed with He gas; c.) a two, three, or four-wire connection with
insulated lead wires. The temperature-sensitive material is generally distinguished according to



the sign of its temperature-coefficient of resistance (TCR) «(T). The instantaneous TCR is
normally defined as:

a(T)= 1 ar(T) 11
R, dT

where R is the thermometer resistance at temperature T with a normalization resistance Ro=R(To)
referred to a reference temperature To. The temperature Ty is chosen for convenience, usually
273.15 K or 273.16 K for materials which are predominately linear in T. For highly non-linear
materials the normalization is usually omitted (i.e. Rp—1). Materials for which «(T)>0 are
referred to as positive temperature coefficient (PTC), and those for which «(T)<0 are referred to
as negative temperature coefficient (NTC).

PTC resistance thermometers are normally made from fine metal wire such as Pt, Rh-Fe alloys
and Pt-Co alloys. These thermometers are usually low resistance, R(273.16 K)<100 Q. In
contrast, NTC materials can have relatively high resistances in the I-He range with R=10* Q
being fairly common in n-type germanium, and R=10° Q for zirconium oxy-nitride and
ruthenium oxide. NTC materials are also highly non-linear, having an approximately exponential
R(T) characteristic.

A more general parameterization of the temperature coefficient is sometimes used when
comparing PTC and NTC materials. This is the logarithmic sensitivity or

_dIn(R(T)) T dR(T)
Sa(T)= dInM) ~R(T) dT ° 12

also referred to as the ‘specific sensitivity’[10]. Sg is a bulk material property independent of
device geometry. Knowledge of Sg for a given thermometer allows prediction of the relative
thermometric resolution, &r , of a measurement system given the system’s relative resolution in
resistance, &z ,0r voltage, &y via er =&/Sg. It is simple to show that To(T) =SgW(T) where
W(T)=R(T)/Ry is the resistance ratio. In the ideal case of a purely linear R(T) characteristic, o =
Tot and Sg=1 for all values of T so that a system with 1 uQ/Q resolution achieves a
thermometric resolution of 1 uK/K. In the real case of high-purity metals and dilute alloys, W(T)
is very linear for ambient (T=300 K) temperatures such that Sgx Toa(To) ~1 , but departs from
this special case both at lower and higher temperatures as nonlinearities become more
pronounced. The W(T) characteristics for a selection of PTC thermometers is shown in Figure
1.1 and the Sg characteristics for this same selection is shown in Figure 1.2

For an ideal (i.e. intrinsic) semiconductor R(T)=R..e”" where R, is the high-temperature limit and
S is a parameter related to the band gap. In this case Sg= —A/T and some composite NTC
materials such as NiMn oxides or bismuth-ruthenates will approximate this dependence over
limited temperature intervals. In most cases, however, real NTC materials in the cryogenic range
will exhibit a milder temperature dependence such that Sg~ —{8/T)” where % <y<1. The general
feature is that of increasing sensitivity with decreasing temperature. For all practical purposes, Sg
can be calculated from calibration data. Typical values for R(T) are shown in Figure 1.3 and



values of |Sg|are plotted in Figure 1.4 for a sample of thermometer types discussed in this
chapter.
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Figure 1.1 The resistance ratio W(T) characteristics for a selection of PTC resistance
thermometers (data from NIST unless otherwise noted): A.) Standard Platinum Resistance
Thermometer (SPRT) reference function 13.8 K to 273.16 K [1] and a closely matching SPRT,
s/n 1812279[11] from 1 K to 13.8 K; B.) a miniature capsule PRT; C.) A 99.99 % pure sample of
Pt from 4 K to 273.15 K[12] and similar to wire grades used in aerospace sensors; D) An
industrial PRT from 20 K to 273.15 K matching the a0 =0.00385 specification[13] ; E.) a
standard capsule Rhodium-Iron Resistance Thermometer (RIRT) using 50 um wire,0.65 K to
273.16 K; F.) a Ceramic-Encapsulated RIRT using 38 um wire; G.) a thin-film RIRT from
0.52 K to 273.16 K; H.) a Pt-0.5% Co standard capsule thermometer from 0.65 K to 273.16 K.
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Figure 1.2 The logarithmic sensitivities of several types of PTC cryogenic resistance
thermometers. See Figure 1.1 for curve identifications.
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Figure 1.3. The characteristic Resistance versus Temperature curves for three types each of NTC
thermometers. G-1, GeRT 250 Q at 4.2 K; G-2, GeRT 800 Q at 4.2 K; G-3, GeRT 2.8 kQ at
4.2 K; RO-1, Ruthenium Oxide Resistance Thermometer (RORT) 1 kQ at 300 K; RO-2, RORT
2.2kQ at 300 K; RO-1, RORT 10kQ at 300 K; ZN-1, Zirconium oxy-Nitride Resistance
Thermometer (ZNRT) model CX-1010; ZN-2, ZNRT model CX-1030; ZN-3, ZNRT model CX-

1050 [13].
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Figure 1.4. The absolute magnitude logarithmic sensitivities | S| versus temperature curves for
three varieties of three NTC thermometers. G-1, GeRT 250 Q at 4.2 K; G-2, GeRT 800 Q at
4.2 K; G-3, GeRT 2.8 kQ at 4.2 K; RO-1, Ruthenium Oxide Resistance Thermometer (RORT)
1 kQ at 300 K; RO-2, RORT 2.2 kQ2 at 300 K; RO-1, RORT 10 k2 at 300 K; ZN-1, Zirconium
oxy-Nitride Resistance Thermometer (ZNRT) model CX-1010; ZN-2, ZNRT model CX-1030;
ZN-3, ZNRT model CX-1050 [13] .



1.2 Resistance Measurement

Four-wire measurements of the thermometer resistance can be performed in either of two modes,
a.) constant current I, or b.) constant voltage V excitations. In constant current mode the open-
circuit voltage across the device is measured under a fixed current excitation. In constant voltage
mode the current through the device is measured under a fixed voltage excitation. For PTC
materials constant current excitation is always used, with currents usually in the range 0.1 mA to
1.0 mA. For SPRTSs at T<25 K, currents are normally increased to the 5 mA to 10 mA range. In
the case of NTC materials, either measurement mode may be used depending on the self-heating
present, design of the thermometer package, and other factors. In practice, a constant voltage
calibration is usually preferred with a typical range of voltage excitations of 1 mV to 10 mV.
Individual measurements may still be performed in constant current mode, providing that the
currents are adjusted for every new calibration point to the appropriate voltage level.

Further distinctions in the four-wire resistance measurements are made regarding direct current
(DC) or alternating current (AC) excitations. The choice is normally made from signal-to-noise
considerations, which in turn are affected by the sensitivity of the thermometer. For the same
excitation level and integration time, AC excitation will generally result in a higher signal-to-
noise ratio &, than would be achievable using DC excitations. For PTC materials, AC excitation
is generally preferred in order to maximize the noise-equivalent temperature resolution as these
materials generally exhibit only modest temperature coefficients, typically (0.05 to 0.5) Q/K, or
logarithmic sensitivities of 0.1 <Sg< 2. For NTC materials, the much higher sensitivities at lower
temperatures permit the use of DC measurement systems with higher noise, (i.e. lower signal-to-
noise ratio) and still yield acceptable thermometric resolutions. At ultra-low temperatures
(T<1 K) low power dissipation becomes paramount. In this case AC excitation may be preferred
in order to achieve the highest signal-to-noise ratio while using the lowest excitation levels.
Considerations regarding AC versus DC excitation sometimes come into play due to Peltier
effects at semiconductor-metal contacts for temperatures =35 K, and these are discussed briefly
in section 1.5.4.

AC resistance measurement systems are constructed from bridge-type networks with linear
voltage dividers. The most accurate of these are based on inductive voltage dividers (IVDs) [14]
but precision AC resistive dividers are more common and simpler to construct [15]. The newest
type of AC resistance meter now commercially available is a purely digital design based on a
precision analog-to-digital converter (ADC), square-wave excitation currents, and a substitution
topology [16]. In all cases, AC carrier frequencies are in the lower audio to sub-audio range in
order to minimize errors due to parasitic reactance in the cables and interconnecting networks.
Commercial versions of these instruments are available [17-19]. The IVD-based instruments are
designed to determine resistance ratios with the lowest possible uncertainty in conjunction with
standard reference resistors. At NIST, AC bridges using IVVDs with uncertainties of 0.1 uQ/Q are
used for PTC thermometers and NTC thermometers where R<129 Qand | >0.1 mA. Further
descriptions are given in Chapter 5, section 4.

DC resistance measurement systems are constructed from direct current comparators (DCC) [20]
or from ordinary resistance ratio voltage dividers in conjunction with precision ADCs and



standard reference resistors. The most accurate systems make the use of current reversals in
order to cancel the effects of voltage bias offsets and thermal voltages. Commercial DCC
instruments optimized for thermometry are available [21]. The distinction between these bi-polar
DC measurement systems and low-frequency AC measurement systems becomes blurred in
some cases, particularly for reversal rates ~ 1 Hz, above which one could consider the system to
be an AC square wave excitation for most practical purposes.

Commercial digital multi-meters (DMMs) with 6.5 or more digits on a 100 mV range can be
combined with a programmable bi-polar current source and stable reference resistors to form a
DC measurement system suitable for most cryogenic thermometry applications. In well-designed
systems, relative uncertainties of ~ 1 u)/Q are possible when excitation voltages are = 30 mV.
Commercial instruments which combine these components into an integrated system are also
available [22].

All of these resistance measurement circuits will in some way detect a signal voltage of
Vr=IR(T) in the presence of some equivalent input voltage noise V. associated with the
excitation and detection circuitry. In addition, the finite bit depth of digital instruments produces
an effective quantization noise V. The relative voltage resolution limit &y is then given by

(v2+vz2)”
& =——.
VR
Since the thermometric resolution is & =&/Sy , this could in principle be improved (i.e.
decreased) to arbitrary precision by simply increasing the excitation current or voltage. In
practice there are inevitable limitations to this approach due to power dissipation. In a few cases
other limitations exist due to low frequency or “one-over-f” noise [23] or non-linearity effects.

1.3

1.3 Self-heating Effects

The upper limit on excitation levels is tied to the power dissipation Pg=1°R(T)=V?/R(T) in the
thermometer. The dissipation causes an elevated internal temperature difference ATs, relative to
the environment being sampled, commonly referred to as “self-heating”. The self-heating
coefficient [24] is defined by 7 =ATs/ Pr and often expressed in units of mK-uW™. Alternative
terminology is found in the literature, such as the “thermal resistance” [25] and “thermal
impedance”[26] whose definitions are equivalent to the self heating coefficient used here. In
other cases, the “heat-transfer coefficient”’[27] h, is used in this same context, but this is the
inverse of the self-heating coefficient used here (i.e. h=7). In the thermistor literature, the term
“dissipation constant” is used, which is also the inverse of the self-heating coefficient.

In general, 77 depends on details of heat transport mechanisms through the sensor package and on
the installation medium. In practice the observed 7 is a combination of the associated series and
parallel thermal impedances such that a complete description of the net effect is complicated.
Fortunately, it is possible to directly measure the self-heating effect in practice and experimental



values for 7 are readily obtained providing the measurement system has adequate resolution.
Measurements at two or more currents I, > I, allow a simple calculation using

R(Iz)_R(Il) dT
(1Z-17)R drR

1

n 1.4

The measurement of 7 requires that the excitation levels are high enough to resolve the self-
heating in the presence of temperature control fluctuations and measurement system noise. A
good rule of thumb is to set excitation levels such that the observed self heating is 5 to 10 times
the statistical precision of each measurement, providing that the self-heating remains linear in Pr.
The use of equation 1.4 presumes that the joule heating contribution from the portion of the
current lead wires outside of the four-terminal junction is negligible. This is normally a safe
assumption for most thermometers, with certain types of germanium resistance thermometers
being a possible exception. In those special cases, 7 as defined here would be considered an
“effective” self-heating coefficient, whose values would be larger than the true coefficient which
would include the extra joule heating contributions in the denominator of egn. 1.4.

The assumption is normally made that 7 is a constant independent of P and primarily a property
of the thermometer package construction and materials. This will be approximately true as long
as the power levels are sufficiently small, the thermometer is properly installed, and ATy, <<T.
When any of these conditions are not met, AT, will no longer be linear in Pg and the measured
value of n will depend on Pr and possibly also on the details of the thermal coupling which are
external to the thermometer [28]. Under these conditions the indicated temperatures will be in
error and measured values for 7 will lack reproducibility.

An extreme form of self-heating nonlinearity can exist in some NTC devices (e.g. bulk
semiconductors, thermistors, etc.) when current biased into a ‘super-heated’ region where the 1-V
curve exhibits negative dynamic resistance. In this case the device no longer functions as a
thermometer, but instead more as a heat-transfer or gas flow-sensor [29]. In contrast, when NTC
devices are voltage biased above some threshold value, a thermal runaway condition can be
created by ever increasing values of V?/R(T) resulting in a failure or “burn-out” of the
thermometer. Users are advised to take precautions and consult manufacturers for their
recommended maximum excitation voltages when using NTC resistance thermometers.

The measurement of self heating of cryogenic resistance thermometers can be used to evaluate
the efficacy of the thermometer installation and/or the integrity of the thermometer’s sheath and
hermetic seals. A standard capsule thermometer with insufficient thermal coupling to its
environment will indicate a higher than normal self heating. A thermometer with a damaged seal
which allows the He exchange gas to leak out of or into the sheath will also indicate higher than
normal self heating under vacuum, but the effect may be somewnhat reversible when the vacuum
chamber is backfilled with He exchange gas. For many other thermometer designs, however, this
gas-pressure-dependent self-heating is not observed because the dominant thermal coupling to
the external environment is via the lead wires (see section 1.4) [25].



The third law of thermodynamics requires that all heat transport coefficients such as h=7'—0 as
T—0. Hence, at low temperatures 7 exhibits divergent behavior or 7 ~T ™ where typically
0.5 <n < 3 in the temperature ranges of interest here. The larger values of n are observed at the
lowest temperatures. Self-heating exponents as large as n=4 have been observed for certain types
of Ge thermometers well below 1 K [26]. The various exponents are associated with different
heat transport mechanisms (e.g. thermal diffusion mediated by different gas molecules, solid-
state particles or excitations across varying geometric boundaries, etc.) each of which will
dominate in a different temperature region [30].

There are a few notable exceptions to the rule that 7 increases with decreasing T. Most notable
are those cases where, in narrow regions of temperature, a phase change occurs in the
thermometer fill gas. Such a case is observed in capsule RIRTs and PCRTs with “He fill gas near
1.3 K where a depressed A-point transition occurs in the condensed He film and 7 drops
precipitously [31]. (see section 1.6.1) Other exceptions may occur in certain small capsule
germanium and platinum thermometers in the region between 45K and 60 K if air has
contaminated the He fill gas. As the air gradually condenses with lowering temperature, the
decreasing vapor pressure of the condensed air produces fewer collisions between the remaining
gas-phase air molecules and the He gas atoms. The He fill gas can then more effectively transfer
heat out of the device, so 7 decreases with decreasing T until the vapor pressure of the remaining
condensed air is negligible [27]. In cases where significant air is present, the observed 7 may
appear hysteretic or otherwise lack reproducibility in this temperature range.

In practice a distinction is made between “internal” self heating (due to heat transfer within the
sensor package) and “external self heating (due to heat transfer external to the sensor
package) [32]. The respective self-heating coefficients for these are denoted, 7in; and 7ext . A
capsule thermometer will exhibit negligible external self heating when the sheath is directly
installed in an ice bath (not recommended practice) , liquid nitrogen, or in liquid helium near
4 K, but these nearly ideal cases are difficult to emulate in other more practical vacuum or fixed-
point cell installations. ldeally, installation techniques should be designed to minimize 7. In
practice, however, some degree of external self-heating is inevitable in vacuum installations. The
two effects normally act as series thermal impedances such that the total observed self-heating
coefficient is the linear sum 7 =7int + 7ext. The mechanisms responsible for 7 are solely a
function of the thermometer package design and materials, while 7y is in general installation
dependent. In certain types of fixed-point cell or vacuum comparison installations, 7 can be
significant and variable in which case the measured 7 will lack reproducibility from one
installation to the next. Variability of +£50% in the observed 7 value between different
installations can be expected in some cases.

It has been customary at NIST to obtain calibration data for cryogenic resistance thermometers
using two or more excitation currents for each calibration point. NIST calibration reports for
cryogenic thermometers have contained this information in some form since 1996. In some cases
calibration results are reported at both currents, in other cases results may be reported in terms of
the zero-power resistance R(1=0) as derived by
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Calibrations in terms of R(1=0) are preferable for achieving the highest reproducibility possible
for a given thermometer type. By using R(1=0) it is possible to account for both 7iy; and 7« even
when 7 IS significant and variable. The main caveat is that for temperatures T <4 K, the
excitation levels must be sufficiently low for the self heating to be purely quadratic in the
current, or linear in power.

An alternative approach to the self-heating problem is to treat it as an uncertainty component in
combination with other measurement uncertainties [28]. The excitation level may then be chosen
as an optimization between the competing effects of signal-to-noise ratio and self heating. The
optimum excitation power is then that which produces self-heating approximately equal to the
rms thermometric uncertainty due to all other sources which are independent of the excitation
level. For most NTC materials, the net result is an optimized excitation which slowly decreases
with decreasing temperature. This is a useful technique for finite-excitation calibrations. If actual
measurements of 7(T) are to be made, however, the measurement currents used during the
calibration will always be larger than these optimized excitation values.

Values of 7(T) are plotted in figure 1.5 for a sample of cryogenic resistance thermometer types
over the range 0.65 K to 84 K as measured in vacuum. The values are representative of these
specific types and particular packages only. Other thermometers of the same model should
exhibit similar values but differences should be expected depending on the exact installation and
certain construction and design variations.

In those cases where the results are given for a finite excitation level(s), tables are included in
each NIST calibration report with experimental values of the self heating for that specified
calibration current and or the as-measured self-heating coefficient (see section 5.6 and Appendix
A). Self-heating effects for specific types of resistance thermometers are discussed further in
later sections of this chapter. Additional aspects of self heating are discussed in chapter 6 on
calibration uncertainties.
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Figure 1.5. The self-heating coefficient 7(T) over the range 0.5 K to 84 K for a sample of
cryogenic resistance thermometers as measured under vacuum: ZNRT-1030 , Lakeshore model
CX-1030-AA; RIRT-W and -U, Tinsley model 5187-W and -U; RIRT-TF, Lakeshore model RF-
100-AA; RIRT-CE, Lakeshore model RF-800 ;PCRT, Chino model R-800-4; SPRT, Leeds &
Northrup model 8164; MPRT-A and -B, Minco model S1059; RORT, custom 10 kQ TFCR
bonded to copper strip; GeRT-250AA, Lakeshore model GR-200-A-250.
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1.4 Thermometer Packaging and Installation

Hermetic packaging of the sensor is an important component of cryogenic thermometer design.
The details of the packaging technologies are usually proprietary, but the basic function is to
protect the sensor as well as to facilitate installation with minimum adverse effect on achieving
good thermal contact. The proper installation of the thermometer is equally important,
particularly in vacuum systems.

The sensor materials used in cryogenic resistance thermometers are almost always sensitive to
any applied mechanical stress. Inadvertent mechanical stress is practically unavoidable when two
dissimilar materials are mechanically coupled and cooled, due to the differential thermal
contraction between the materials. Thermal contraction stresses in thermometers produce
mechanical strains in the sensor element which in turn can lead to hysteretic behavior [33] or
time-dependent behavior (e.g. drift) [34], the exact mix and degree of which depend on the
specific sensor material. Time-dependent drift in the resistance will eventually stabilize if it is a
purely stress-induced effect, but the stabilization time can be anywhere from hours to weeks
depending on the details of the sensor material’s microstructure. For this reason it is generally
necessary to mechanically decouple the sensor element from the protective sheath.
Manufacturers will usually take this into account in the normal practice for good thermometer
package designs, but exceptions to this practice also exist. Users should be aware that unstable
thermometers occasionally show up in the mix of commercial devices and often either poor
package design or package construction flaws are the root cause. NIST may choose to reject
thermometers for calibration if drift behavior is present (see section 2.4).

The necessity of mechanical decoupling (i.e. strain-free construction) imposes limits on the heat
transfer characteristics of practical thermometer designs. The usual approach is to thermally
couple the sensor to the exterior sheath via either the He exchange gas or via fine internal lead
wires (e.g. Au bonding wire) of relatively high thermal conductivity. These design
considerations ultimately determine the magnitude of the internal self-heating coefficient 7y, the
stability of the resistance under thermal cycling, and (in part) the long term stability.

The degree of hermeticity achieved in various sensor packages is variable from one design and
fabrication process to the next, and may slowly degrade over time and with thermal cycling. For
those thermometers with exchange-gas-mediated self heating, the integrity of the hermetic seal is
especially critical, but all thermometer sensor materials can degrade over time when exposed to
moisture and oxygen through leaks in the package. As was described in section 1.3, routine
monitoring of the self-heating coefficient under vacuum can help detect leaks in package seals.
In addition, careful measurements of 7i, between 40 K and 70 K can be used to detect the
presence of air contamination since the thermal conductivity of N gas is approximately 10 times
smaller than that of He at 70 K. In some cases, however, air contamination may not necessarily
be an indication of a leak, but simply a factory defect. Such cases are known to exist in both
miniature and standard capsule type thermometers and usually do not present a serious limitation
for calibration or use so long as there is still some He present. Slow contamination of hermetic
capsules with hydrogen which outgases from the construction materials is also possible. The
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effects of such contamination would rarely be observable, however, except in cases below
~40 K where there is no He fill gas present.

Installation techniques vary from one application to the next and according to package designs.
An installation technique which is adequate for one type of sensor may be inadequate for
another. The ultimate goal of installation techniques is to reduce 7. to a manageable level or
otherwise bound the magnitude of any associated effects. While a detailed discussion of these
subjects is beyond our limited scope here, an excellent practical guide for commercial sensors is
readily available [35]. Useful discussions of the technical issues are also found in Chapter 5 of
the text by Ekin [9]. Users are advised to refer to the literature and consult the thermometer
manufacturer for the recommended installation practice.

At NIST, all cryogenic capsule-type resistance thermometers are installed in a vacuum
comparison block via close-fitting cylindrical thermowells with a thermal contact grease applied
to fill in any gaps between the inner thermowell and thermometer sheath surfaces (see section
5.2). The grease is a carbon-based composition and may include small particles of copper for
certain installations. Provisions for surface-mounted sensor packages are made using a variety of
single screw-thread anchoring holes. Lead wires are thermally anchored to the isothermal zone
near the wire terminations.

1.4.1 Thermal Response Time

Thermal response time 7 is a dynamic characteristic of all thermometers and is usually defined
as the time for the resistance (or voltage) reading to change by some nominal fraction (often 0.63
~1-1/e) of the final equilibrium reading in response to an imposed step change in temperature.
For calibration purposes, 7y is a useful parameter for estimating the degree of thermal
equilibrium which can be expected for a given thermometer after some thermal perturbation has
taken place. Some manufacturers give nominal values for 7, at specified temperatures, while
others may not specify an exact temperature (usually implying the values are for T =273 K to

297 K). The techniques used to define and measure 7, will vary from one manufacturer to the
next and the terminology is likewise variable. Terminology such as “sensor time constant”,
“thermal time constant”, and “thermal delay time” are found in the literature and are nominally
equivalent. A standard test method exists [36] but this is not well suited to capsule designs.

For standard capsule-type resistance thermometers typical values for z; are in the 4 sto 7 s range
near 273 K. Observed values of z; are usually only weakly temperature dependent in the region

near 273 K, but large decreases in 7 should be expected to occur as temperature is lowered from
~ 100 K down to 4 K as the specific heat capacity decreases rapidly with decreasing temperature

over that range. For temperatures <1 K, 7, will usually increase with further decreases in
temperature.
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In practice the observed thermal response time is a function of the thermometer mass, the

package materials, the package design, and the installation method. Hence, the observed z; is
actually a superposition of several internal and external thermal time constants and quantitative
modeling is extraordinarily cumbersome. Rough estimates can be calculated based on simple
thermal analogs of lumped-parameter RC time constants if the dominant self-heating and heat
capacitance values are known. A simple two-time-constant model roughly approximates one
dimensional heat flow in an installed thermometer as shown in Figure 1.6.

Hext Mint
O—"\"\"\ "N\

Cext - Cint -
\/ \/

Figure 1.6. A simple two-time-constant lumped-parameter model for estimating the observed
thermal response time.

The parameters are divided according to internal and external thermal resistances #int and 7ext,
and heat capacities Cin; and Cey, resulting in the two time constants. These are the internal

response time 7,and the external response time 7.y as approximated by

z-int = (nint + 77ext )Cint 168‘
Text = nextcext : 1.6b

In this approximation of the model, the internal heat capacitance couples to both internal and
external thermal resistances while the external heat capacity couples only to the external thermal
resistance. The ideal response of a simple two stage system is such that the effective thermal

response time is slightly less than the sum 7 +7ex . In practice, however, this approximation

will typically underestimate the observed 7, by factors of ~2. A significant limitation exists due
to the uncertainty in 7y, Since only 7in +77ex: Can be directly measured.

While this simple one-dimensional two-stage model is of limited predictive value in the absolute

sense, it can still be useful for estimating the relative temperature dependence of 7 via the
known temperature dependence of 7int, 7ext, Cint @and Cex:. FOr the purposes of estimating thermal

equilibrium uncertainties, the approximation 7, ~2( Zint + 7ext) IS USed. (see section 6.1.3)

The best method for direct measurements of 7, are through use of a stirred bath (e.g. water or
I-N,) where the heat capacity of the bath fluid is so large that the introduction of the thermometer

under test is a negligible perturbation. Direct measurements of 7, in a vacuum comparison
system, however, are complicated by the fact that at temperatures <50 K, the thermal diffusion
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time constant of the comparison block can be comparable to %, (see section 5.3, Figure 5.5). In
this case one is measuring the composite response of the thermometer + comparison block and it

is not possible to extract 7, from the measurement,

1.5 Resistance Thermometer Types

This section describes a few of the most common types of PTC and NTC cryogenic resistance
thermometers that are known to exhibit good or exceptional stability. In this chapter we will
somewhat loosely quote limits of ‘stability’ as + X mK, meaning reproducibility is typically
achieved within a coverage factor of 2 <k < 3.

1.5.1 Platinum

Platinum resistance thermometers (PRTs) come in a variety of grades and packages, some of
which are more suitable for cryogenic service than others. The highest purity platinum wire,
sometimes referred to as “reference grade” platinum, is used in standard platinum resistance
thermometers (SPRTs). Most SPRTs are sufficiently pure to qualify as defining instruments on
the ITS-90 and these qualification criteria are given in chapter 3. Other grades of purity can be
found in PRTSs designed for aerospace applications. Industrial types are of a lower purity and are
generally less useful below ~30 K. Historically, PRT grades have been distinguished via the 0 °C

to 100 °C average TCR, a1, and much of the commercial and engineering literature still utilize
this parameter today (e.g. “alpha value’, or just ‘a’). The range of values typically exhibited in

the various grades of wire-based PRTs are 0.00385< 100 <0.003928. However, the more modern
parameterization is to simply specify resistance ratios W at certain fixed-point temperatures.

For T=30 K, PRTs exhibit the highest degree of uniformity/interchangeability of all resistance
thermometers and SPRTSs in particular are unsurpassed in this respect. A typical magnitude of
interchangeability is AW(T)=10, which is equivalent to ~53 mK at 30 K for an SPRT. At
13.8 K, however, a deviation of this size is equivalent to ~420 mK due to the diminishing
sensitivity as temperature is lowered. At T<30 K, the W(T) of Pt specimens are observed to be
increasingly sample dependent (i.e. less interchangeable) as temperature is lowered (see figure
1.1). A figure of merit which illustrates this behavior is the so-called “residual resistance ratio”,
Xgrr , Normally defined as

_R(27315K) _ 0.99996 17

"TOR(422K) W (422K)’

where W(4.22 K) is the measured resistance ratio at the normal boiling point of liquid *He as
normalized to the WTP (273.16 K) resistance. The parameter Xgr can be used to characterize the
degree of chemical purity and lattice defects in a nominally pure metal, and in PRTs values range
from =100 to 3000 depending on the grade of the wire and the degree of strain. The distributions
of values of Xgrand aio are inversely correlated, as is the case with Xgr and AW(T) values
[37]. The characteristic variations from one sample to the next, however, are more readily
observed in the Xgg distribution.
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1.5.1.1 Standard capsule types

SPRTs are made from carefully annealed reference grade wire specimens which are mounted in a
strain-free fashion and fabricated into capsules sealed with a He fill gas. The wire is normally
either 76 um or 100 um diameter and the capsule outer diameters typically are in the 5 to 5.7 mm
range, depending on the exact model. The original helical coil design is from Meyers [38] and
some modern designs still employ some of his design concepts. Other variations in the winding
methods are more recently conceived. Examples of commercial designs are shown in Figure 1.7.
Sheath materials may be platinum, glass, or Ni alloys. In most cases the wire elements are
trimmed such that R;=R(273.16 K) = 25.5 Q , which yields aRy=0.1 Q-K™* .

SPRTs are defining instruments of the ITS-90 and their specification criteria and specified
interpolation equations are discussed in chapter 3. Capsule-type SPRTs can be used from 13.8 K
upwards to a limit as high as 505 K depending on the particular construction. The reproducibility
of well annealed capsule SPRTs can be within + 0.1 mK at 273 K. They are, however, extremely
sensitive to mechanical shock and must be handled with great care. Unlike long-stem SPRTs,
capsule types cannot be re-annealed, so cumulative strains from mechanical shocks permanently
build up in the wire and increase the R value.

SPRTs usually exhibit Xgg values in the range 1900 to 3000, although some specimens with
lower values may still meet ITS-90 reference grade criteria (see chapter 3). The ITS-90 reference
function [1] was derived [40] based on a particular SPRT from the National Physical Laboratory
(NPL) of the United Kingdom, serial number 217894, with Xggr =2872[41]. At NIST, certain
capsule SPRTs are maintained with values of Xgg as high as 3245. The Xgr Vvalues for annealed
reference grade Pt wire of 500 um diameter are even larger than those for SPRTs. For example,
the Pt wire used for SRM-1967 standard thermocouple material [42] exhibited values in the
range 3407<Xgrr <3678. While SPRT wire is derived from material comparable to that of SRM
1967, the achievable Xrr values for wire of diameters <100 um will always be lower due to the
exposure to impurities and the formation of lattice defects during the wire drawing process.

It should be noted that Xgg as defined via eqn. 1.7 at the normal *He boiling point is not truly the
‘residual’ resistance for specimens of very high purity such as SPRTSs. In those cases the residual
resistance at T=1 K can be as much as ~8% higher [11]. Nonetheless, the usefulness of Xgr as
defined at 4.2 K is that it is a sensitive indicator of both the chemical purity and the degree of
physical strain in the wire. It also can provide a parameter useful for approximate interpolation
schemes [43]. NIST does not normally report values of Xgrg for calibrations of capsule SPRTs,
but this information can be provided as a special test (see chapter 2) if the customer so requests.

SPRTs exhibit Sg=1 over the entire range from 13.8 K to 273.16 K (see figure 1.2). Despite this
advantage, use of SPRTs below =20 K requires special instrumentation capable of resolving
small signal voltages. For example, at 13.8 K, Sg=2.79, but an SPRT will have a resistance of
only R(13.8 K)~0.03 Q. A practical upper limit in excitation current is =10 mA for most
cryogenic systems, yielding a signal voltage of 300 uV. In order to resolve 0.1 mK, or
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er=7 uK-K™*, a voltage noise of V,.=6 nV or less is necessary. So while it is possible to use
SPRTs even below 13.8 K, there are alternative thermometers which are much less demanding
on the instrumentation and which exhibit comparable or better stability.

The self heating of 25.5 Q capsule SPRTs is difficult to measure below ~25 K due to the very
low resistance and diminishing sensitivity. Consequently, any observed values for 7(T), such as
those plotted in Fig. 1.5, will lack reproducibility below that temperature. For T>25 K, SPRTSs
will exhibit 7 ~T°7 indicative of a heat-transfer mediated by the He exchange gas [44]. Typical
values for » are 0.3 mK/uW to 0.4 mK/uW at T=83.8 K for standard capsule SPRTSs.

Standard capsule SPRTSs are calibrated at NIST over their full range of use. Calibration data are
always presented in terms of the resistance ratio W(T) normalized to R(273.16 K) unless
otherwise specified by the customer. The methods for obtaining calibration data below 83.8 K at
NIST are described in chapter 5 of this document. At temperatures of 83.8 K and above,
calibration points are performed via immersion fixed-point cells as maintained in a separate
facility, the NIST SPRT Calibration Laboratory. Those services are discussed in a separate
document [45]. Capsule SPRTs which have been pre-calibrated at NIST over the range 13.8 K to
429 K are available for purchase as a standard reference material (SRM) designated as SRM
1750 [37].

1.5.1.2 Miniature capsule types

A miniature type of capsule PRT, which we refer to as MPRTS, uses reference grade wire of
slightly smaller diameters than normally used in standard capsule types. These are commercially
available with R(273.16 K) = 25 Q or 100 Q made from 50 um and 25 pum diameter wire
respectively [46]. The 100 Q variety is much more common. They are encapsulated in a
miniature copper capsule package approximately 3 mm in diameter and can usually achieve
reproducibilities of + 1 mK. MPRTSs generally exhibit Xgg values in the range 1600 to 2500.

Values for the self-heating coefficient will typically be factors of 3 to 10 times larger than those
of standard capsule SPRTs at the same temperature. It is not uncommon for MPRTSs to be
contaminated with air in the helium fill gas. This produces unusual behavior in 7 in the range of
40 K to 65 K as the air condenses or sublimes, depending on the direction of the temperature
change (see discussion, section 1.3). Two examples are shown (MPRT-A and MPRT-B) in Fig.
1.5 with apparently differing degrees of air contamination. This is not necessarily a serious
defect, but it will effectively limit an MPRTSs reproducibility in this range as far as finite current
calibrations are concerned. Similar phenomena have been observed with certain older types of
GeRTs [27] (see section 1.5.4).

MPRTSs have the same range of use as do the standard capsule types and may be calibrated at
NIST from 13.8 K to 505 K. They are calibrated in the same manner as are SPRTs except that
lower excitation currents are used due to their larger values of both R and 7. Further information
describing their design and performance is found in the article by Lucas [47].
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1.5.1.3 Other types of platinum thermometers

The most common type of PRT is the industrial type (‘IPRT’) where the average TCR of

a0 = 0.00385 is specified by international standards [48-49]. The standard curve extends to a
lower limit of 73.15 K (—200 °C) but the nominal interchangeability tolerance for even the best
tolerance grade is only +0.47 K at that temperature. Individual unit calibrations are possible to
improve the interpolation accuracy, and extend the range downward in temperature, but they are
generally not worth the effort below 20 K due to diminishing sensitivity. Certain wire-wound
IRPTs will exhibit stability of +5 mK at 20 K when adequately protected from moisture
intrusion. While not very useful below 20 K, IPRTs can be calibrated over higher temperature
ranges up to =550 °C at NIST in the Industrial Thermometer Laboratory. Those services are
discussed in a separate document [50].

Thin film PRTs are usually made to match the industrial specification or sometimes match an

even lower aaoo Specification,(e.g. 0.00377) [51], but many of these are not recommended for
use below —70 °C due to large hysteresis effects. One manufacturer has recently added a standard
film PRT product which conforms to the IEC 60751 specification over the full lower range down
to 77 K with a class B tolerance [51].

Special designs of PRTs are available for aerospace applications which are made from wire of
intermediate  purity to that of the reference and industrial grades, typically
0.00391< (r100 £0.00392. The values of Xgrr typically are in the range 500 to 1000 [43]. The wire
diameters vary considerably, typically from 8 um to 80 um and values for Ry can be as high as
8 kQ. These are routinely used at temperatures as low as 20 K and exhibit better
interchangeability (e.g. AW(T)=3x10° ) at the lower temperatures than do the industrial
types [52]. Most of these types are presently not calibrated at NIST due to their exceptional size
and or their intended use in liquid hydrogen service. In some cases they may be tested and or
partially calibrated at NIST in cryogenic liquid baths at 4.2 K, 77.3 K, and or 87.3 K via a special
test arrangement. See chapter 2 for more information on this option.

Glass Sheath Sensor Support _ Glass-Platinum Seal

Platinum Helix Platinum Lead Wires

Figure 1.7a A standard capsule SPRT design utilizing a helical coil of Pt wire in a sealed glass
sheath (Credit: Fluke Calibration, Inc.).
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Lead's

Figure 1.7b A standard capsule SPRT design utilizing a helical coil of Pt wire in a sealed Pt
sheath.

PLATINUM LEADWIRES ———

HOUSING

Figure 1.7c A standard capsule SPRT design utilizing a ‘birdcage’ design for the Pt wire in a
sealed Ni-alloy sheath (Credit: Goodrich Aerospace).
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Figure 1.8 Various commercial designs of capsule type SPRTs, RIRTs, PCRTs, and GeRTs:
A. 5.7 OD SPRT with inconel outer sheath [39, 53 ]; B. 5 mm OD SPRT or PCRT with platinum
sheath [54] ; C.5.5 mm OD platinum sheath SPRT [55] ; D. 5.7 mm OD glass sheath SPRT [56];
E. 5mm OD SPRT or 100 Q RIRT [57] ; F. 5 mm OD 50 Q RIRT with platinum sheath [57] ; G
3.6 mm OD GeRT ; H. 3mm OD GeRT, also similar packages are used for MPRTs , thin-film
RIRTs, ZNRTSs, and other common NTC devices.
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1.5.2 Rhodium-Iron

Rhodium-iron resistance thermometers (RIRTS) are made from a dilute magnetic alloy of 99.5 %
Rh and 0.5 % Fe [57]. The Rh-Fe system is in a special class of binary alloys exhibiting
anomalous positive TCRs at low temperatures [58-59]. The 0.5% Fe composition alloy is an
optimal composition for calibration purposes which minimizes non-linearity while retaining
adequate sensitivity. As shown in Figure 1.1, the resistance characteristic is nearly linear down to
~50 K where the sensitivity begins to decrease until reaching an inflection point near 26 K. The
resistance remains predominately linear in T even below 1 K and Sg~0.05 to 0.08 at T=0.65 K.
This is still sufficient to resolve ~0.013 mK with 1 p€/Q even at this lower bound of the ITS-90.

The 0.5 % Fe alloy wire has had limited production with all of the commercial thermometers in
use up to the year 2000 containing wire from a single supplier [60].The alloy is drawn down
from bars to wire diameters of 50 um and 37 um for constructing the resistance elements in two
common commercial sensor designs. Despite the common origin, there are significant variations
in resistance characteristics of the wire, with 0.06<W(4.2 K)<0.09 . While some efforts to create
a standardized reference function have been made, [52] no such internationally recognized
function currently exists for this material. A summary of research on RIRTs prior to 1990 has
been published by the CCT [61].

All RIRT calibrations at NIST are reported in 1990 Ohms [62]. Additional information on RIRT
calibrations at NIST are given in section 2.1 and in chapter 5.

1.5.2.1 Standard Capsule Types

The first commercial design is the standard 5 mm diameter He-filled capsule similar in
construction to certain capsule-type SPRTs. The 50 um diameter wire is wound in a strain-free
fashion within four glass insulators and sealed with a ~30 kPa He atmosphere inside the platinum
outer sheath of the capsule (see Figure 1.9). These were commercially available up until circa
2001 from one source [63] but (as of this writing) are no longer available and the supply of
50 um wire has been exhausted [64]. Two sizes were produced: type “W”, approximately 5.5 cm
long with Rp=100 Q and; type “U”, approximately 3 cm long and Ry=5045 Q. Substantial
inventories of these thermometers still exist within the NMIs and various secondary calibration
facilities throughout the world. These thermometers (along with certain varieties of Ge RTs) are
indispensable for the most accurate dissemination of the ITS-90 below ~20 K.

The self-heating characteristics of RIRTs are unusual in the immediate region of T=1.3 K where
a depressed superfluid transition occurs in the condensed He film [31]. As illustrated in figure
1.5, typical values are 7=0.2 mK/z\W for the type W capsule at 4.2 K where the *He exists as an
unsaturated normal-state film on the bulb’s inner surfaces and as temperature is lowered
n diverges as ~T 1. As temperature is further lowered, n increases until T=1.3 K where the film
becomes a superfluid allowing the film to flow at a rate limited only by its critical velocity [65].
This superfluid film flow allows an efficient heat transport process to exist where the film
evaporates from heated surfaces of the wire and recondenses on the inner surfaces of the sheath
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with the film flow preserving mass conservation. The onset of this mechanism of superfluid film
flow and evaporation/condensation produces a decrease in 7 by a factor of 5 to 6. As temperature
is lowered still further, the heat transport is limited by the thermal-boundary-layer impedance
between the film and metal surfaces and 7 diverges as ~T .

The 5 mm standard capsule-type RIRTSs are highly stable when properly handled. Experience at
NIST indicates that over a 10 year time period (~20 thermal cycles) the resistances of reference
RIRTSs are as stable as the best e-H, triple point cells, exhibiting reproducibility within the limit
of statistical precision or £20 uK at 13.803 K. Comparison of some RIRTs maintained at NIST
for over 30 years have indicated relative stability (no relative changes) at the £100 uK level for
T <25 K.

When roughly handled or shipped by air freight, small resistance shifts ARy ~ 100 uQ can occur
which can be detected through monitoring the resistance value at the water triple point. The
consequences of such shifts, however, are not always straightforward to interpret for all
temperatures. Since RIRTs calibrations are not customarily normalized in the way SPRT
calibrations are, a resistance shift 6R at 273.16 K would imply a shift in the calibration over the
entire range by an amount 6T=6R/(dR/dT) . This scaling can be observed over the higher ranges
of temperature but at the lowest ranges, particularly below 4 K, the effects of such resistance
shifts are unnoticeable. This relative immunity to lattice strain at low temperature is consistent
with the model where the spin-fluctuation resistivity is dominant at low temperatures and
independent of the lattice state [59].

Other sources of RIRT production are in Russia [66] and China [67] although these sources have
been limited in unit volumes and the thermometers are not widely available. These are wire-
wound devices using variations on the basic capsule design trimmed to Ry~100 Q. Less is known
about the source material or stability characteristics of these thermometers compared to the
commercial types discussed above and below. Limited experience with the Russian RIRTs at
NIST indicates that they can exhibit instability of <0.2 mK at 273 K when carefully handled
under a single thermal cycle. The stability at lower temperatures would then be expected to be
somewhat better still. Experience elsewhere [68] indicates their stability is + 3 mK over the
range 5 K to 300 K. The resistance characteristics of a single sample of the Russian type are
shown in figures 1.1 and 1.2 and are similar to that of the 37 um commercial wire discussed
below.

1.5.2.2 Miniature and Thin-film Types

The second commercial type of wire-wound RIRT is made from 37 um wire in a ceramic four-
bore tube and trimmed to Rox~27 Q [69]. The alumina ceramic is 3.2 mm in outer diameter and
5mm in length, resembling some industrial PRTs in appearance and design. To differentiate
these RIRTs from the larger capsule type described above, we adopt Besley’s terminology [70]
and refer to this ceramic-based design as “ceramic-encapsulated” (CE) RIRTs. As of 2005, these
continue to be produced commercially using 37 um wire [64] but from a new source [69].
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The stability of CE-RIRTs is very good under thermal cycling and reasonably good under
physical handling. Besley [70] has studied the stability of a set of three of these and found
stability under 20 thermal cycles between 20 K and 288 K to be in the range 20 pQ to 50 uQ as
measured at 20 K (thermometric shifts of only 0.5 mK to 1.3 mK). When the lead wires are
handled for soldering and unsoldering, however, larger shifts are observed. In this case resistance
changes were as large as 600 uQ as measured at 20 K (a thermometric shift of =15 mK). In this
case there is an apparent weakness in the strain relief provided in the ceramic package
construction and some forces are transmitted to the resistance element inside the ceramic body.
Experience at NIST has shown that resistance shifts from handling lead wires of ~200 uQ at the
triple point of water (AT~2 mK) may be expected.

The self-heating characteristics of CE-RIRTs are highly variable with observed values for 7(7)
in different devices differing by factors of 10 or more at the same temperature [67]. These self-
heating variations are presumably due to variations in the construction and use of glass-powder
filling agents. The example shown for 7n(7) of a CE RIRT in Figure 1.5 represents a nominal
characteristic, but other devices of the same model may exhibit self-heating of considerably
larger or smaller degrees.

Thin film RIRTs were commercially available in miniature (3 mm diameter) hermetic packages
up until 2010. These are patterned films sputtered onto alumina substrates and trimmed to
Ro=100 Q. The composition of the alloy element is evidently somewhat different from that of the
wire as can be seen by differences in both W(T) and Sg(T) in figures 1.1 and 1.2 . The self-
heating characteristics are approximately 50 to 100 times greater than that of the standard
capsule types for T>1.3 K (see Fig. 1.5, “RIRT-TF”). No superfluid transition is observed in
n(7) bleé:ause the self-heating is dominated by solid conduction through the case and 7 diverges
as~T .

Figure 1.9 A standard capsule RIRT: A. platinum sheath; B. rhodium-iron alloy elements; C. 4-
wire junction to Pt-Rh alloy lead wires; D. hermetic glass seal header. (Credit: Rusby, 1972[57]).
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1.5.3 Platinum-Cobalt

Platinum-cobalt resistance thermometers (PCRTSs) are another type of dilute magnetic alloy with
a low temperature anomaly similar to that of RIRTs [71]. The same 0.5 % atomic concentration
is used for the Co impurity to achieve the low temperature spin-fluctuation-mediated resistivity
[72]. These are commercially available from a single source in Japan [73]. Two package types
are available, one is a standard 5 mm diameter platinum-sheathed capsule design of Ry=100 Q
and the other is a 2 mm diameter copper-alloy-sheathed industrial design also of Rp=100 Q. The
standard capsule design utilizes a strain-free coil quartz cross-frame design and is filled with He
gas.

A typical resistance ratio and Sy characteristic are shown in figures 1.1 and 1.2 respectively. Like
the RIRT, the resistance characteristic is very linear down to =50 K where the sensitivity also
begins to decrease until reaching a minimum near 12 K. The minimum TCR is
o(12 K)=0.00092 K" but, as in the case of RIRTSs, the TCR improves significantly at lower
temperatures reaching «(0.65 K)=0.0022 K™'. While these values are considerably lower than
those exhibited by RIRTS, Sg values are higher in PCRTs for T=19 K. Shiratori and Mitsui[71]
have proposed a reference function for PCRTs over the range 3 K to 27 K. That function, derived
from examples available in the 1970s, does not appear to match the characteristics of
contemporary material.

An early version of the industrial design has been tested for stability under thermal cycling [71].
The results of that study indicated stability within +10 mK when cycled between 4.2 K and
300 K. Similar stability was found in a later study [74] of five industrial PCRTs cycled 21 times.
Relatively little is known regarding the stability and or reproducibility of the capsule-type
PCRTSs as currently commercially produced, but stability would generally be expected to exceed
(i.e. smaller irreproducibility) that of the industrial design. The very first prototypes produced
exhibited stability of +1 mK when thermally cycled 20 times [71]. Limited experience at NIST
suggests that the contemporary thermometers should be stable to within 0.5 mK at 13.8 K for any
one thermal cycle. Cycling effects usually produce only positive changes in the resistance so the
cumulative effects of many thermal cycles could be much larger. On the other hand, the principal
mechanisms which produce these resistance shifts could be self limiting and some empirical
evidence from PCRT use at NIST supports this scenario. As is the case for RIRTs, small
resistance shifts due to lattice strains are expected to have negligible effects on the calibration at
temperatures <4 K.

The self-heating characteristics of the industrial-type PCRTs have been measured by Sakurai and
Besley [74] for a sample of five devices in the range 1 K to 27 K. Their results indicate
moderately high self-heating effects in the liquid He temperature range or 7(1 K)=100 mK/z\W.
The self heating characteristics for the standard capsule design are approximately 100 times
lower and similar to those of the standard capsule RIRTs. The standard capsules also exhibit the
same unusual dip in 7(T) at T=1.3 K as seen in RIRTSs, again due to the depressed superfluid
transition in the unsaturated He film (see Fig. 1.5).
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PCRTs are calibrated at NIST using the same point spacing and currents as are used for capsule
RIRTs. Also like RIRTS, all calibration data are in ohms. The standard ranges are 0.65 K to
24.6 K and 0.65 K to 84 K. Additional information on PCRT calibrations at NIST is given in
section 2.1 and in chapter 5.

1.5.4 n-type Germanium

Germanium Resistance Thermometers (GeRTs) are NTC devices made from specimens of doped
single-crystal semiconductors. Early versions were in use by circa 1960. Since that time a
significant amount of technological refinement has taken place [76-79] resulting in improved
device characteristics. Various commercial versions are available, most of which are based on
bulk crystals cut from wafers of high-purity boules [80]. The doping (typically with arsenic) is n-
type and the concentration determines the resistivity and hence the usable temperature range. The
crystals are typically packaged in miniature capsules (see Figure 1.10) in one of three common
sizes: 4 mm ; 3 mm; and 2.3 mm diameters. Other package variations, such as ‘bobbin’ types, are
commercially available [35]. A much newer variation of the GeRT is based on Ge film-GaAs
heterostructures [81], but current commercial availability of those devices is limited. A summary
of research and development activities on GeRTs up to 1990 has been prepared by the CCT
Working Group 2 [82].

GeRTs are among the highest-sensitivity types of all resistance thermometers, but at the expense
of limiting the practical range of use for any one device. The bulk crystal types are generally
used at temperatures below 30 K, although selected models may be used up to =100 K with
certain precautions. Ge films are useable to 300 K or higher for certain models [81], but there is
comparatively little practical information available concerning their use in the higher ranges. A
bulk GeRT will typically change in resistance by more than 4 decades from 0.65 K to 30 K. (see
Fig. 1.3) They are differentiated by the device resistance at 4.2 K, which can be in the range
20 Q< R(4.2 K) <3000 Q. Units with similar values of R(4.2 K), however, will normally not be
interchangeable over other regions of the calibration unless a special selection process is
employed. The smallest R(4.2 K) devices are most suitable for use down into the =20 mK range,
while the largest R(4.2 K) devices are most suited for use up to =100 K. The sensitivities at 4.2 K
may likewise vary over 1 Q/K< dR/dT(4.2 K) <2000 Q/K with the highest resistance devices
exhibiting the highest sensitivities. The logarithmic sensitivities are generally in the range
0.3 <S(4.2 K) <3, with most devices exhibiting S(4.2 K)~2 (see Fig. 1.4).

GeRT capsule packages are backfilled with He gas or sometimes with He/air gas mixtures in
older devices. Unlike larger wire-based sensors, however, this exchange gas usually has
relatively little effect on the self-heating coefficient below ~40 K [27,44]. For most modern
designs now in use, the self-heating below 40 K is mediated by solid conduction through the lead
wiring and base-mounting materials. Self-heating coefficients are typically 7~=100 mK/uW at
T=1 K and diverge as ~T ™" (1.2<n<2) in that region, but significant variations exist according to
the exact model [28]. The proper installation of these devices is therefore critical in this low
temperature region. The wire leads must be bonded to metal surfaces at the same temperature as
the reference thermometer in order to assure proper equilibration. These installation techniques
are described in detail elsewhere [9],[35].
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GeRT calibrations are normally performed at NIST using bi-polar DC excitation currents I such
that the sensor excitation voltage V= IR(T) is in the range 1 mV<V <10 mV. The calibration can
be specified to a constant excitation voltage in this range depending on the observed self-heating
and customer preference. The optimum excitation voltage is a trade-off between higher signal-to-
noise ratio versus larger self-heating and this is often in the 2 mV to 4 mV range. In this case the
observed resistance values will be corrected for self-heating to the values appropriate for the
specified excitation. For certain lower resistance devices in the upper temperature range (e.g.
R<100 Q and T> 20 K), NIST can also provide AC excitation resistance data as necessary.

GeRTs are known to exhibit a large Peltier effect at the interface between the current lead wire
and the Ge crystal which is generally observed at temperatures above ~35 K [83]. When the
Seebeck coefficient, s, is sufficiently large between the bond wires and the Ge crystal, the
excitation current drives heat through the sensor element of thermal conductivity A, and electrical
resistivity p. The resulting thermal gradient across the sensor length | produces errors in the
measured potential, again due the finite Seebeck coefficient, at the junction of the potential leads.
This gives rise to differences in the resistance as measured via AC versus DC excitation, with the
DC resistance in error by a relative amount s*T/Ap. The AC resistance is always lower and free
from the Peltier-induced error for excitation frequencies f >>f,, where the characteristic
frequency is fo = ag/l* and «aq is the thermal diffusivity of the Ge crystal [84]. The observed
resistance difference ARacqc = Rdc — Rac, increases with temperature leading to an increasingly
negative thermometric error with increasing T. A typical magnitude for the effect in modern
GeRTs IS ARycdc /Ry =350 pnQ/Q (=25 mK) at 84 K and 30 Hz. As long as the calibration is all
DC excitation, however, the effect is already included as a part of the calibration and would only
be of consequence if AC excitations were later used by the customer rather than DC excitations.
The effect is not observable for T<30 K, but NIST will normally evaluate the magnitude of the
effect at f=30 Hz or 90 Hz for a special test calibration when the calibration range exceeds 30 K.

When pre-screened during manufacturing for obvious instabilities, GeRTs are normally highly
stable over many thermal cycles. Most units will reproduce to better than +0.5 mK at 4.2 K.
There is a large volume of technical literature which describes stability testing results for a
variety of GeRT designs [85-88].

The standard calibration range for GeRTs at NIST is 0.65K to 2456 K. A GeRT of
R(4.2 K)~250 Q is best suited for calibration over this range, but resistances in the range
100 Q< R(4.2 K) <1000 © will usually yield acceptable results. GeRTs outside of this resistance
range may only be calibrated according to a special test arrangement over a customer-specified
temperature range in consultation with NIST staff (see section 2.2). Larger resistances will
generally require a higher temperature for the lower limit of the calibration. GeRTs are calibrated
at NIST using a slightly modified spacing of calibration points compared to those used for
RIRTs and PCRTSs, with several additional calibration points in the region between 0.65 K and
2 K (see chapter 5). Calibration data are reported in ohms at the specified excitation voltage or
excitation currents.
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Figure 1.10 A cross-section of a typical GeRT in a cylindrical hermetic package. (Credit:
Blakemore, 1972 [76]).

1.5.5 Other NTC Thermometers

There are many other semi-conducting NTC thermometers suitable for cryogenic applications.
Some of these exhibit sufficient stability to justify calibrations at NIST. As is the case with
GeRTs, calibrations would be reported in ohms at a specified excitation voltage. We include
some brief descriptions below of selected types of commercially available devices. We omit
carbon (a.k.a. ‘radio resistors’) despite their past popularity as these are generally not sufficiently
stable to warrant the costs of high-accuracy calibrations.

1.5.5.1 Zirconium oxy-nitride

Thin-films of zirconium nitride and zirconium oxide are now commercially produced and
fabricated into thermometers under the trademark name Cernox™™ [89]. For the present purposes
we refer to these devices as Zirconium-oxy-Nitride Resistance Thermometers (ZNRTS). These
are NTC devices capable of being calibrated over temperature ranges as large as 0.3 K to 420 K.
Their principle application is in high-magnetic field and moderate ionizing radiation
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environments. Their sensitivities are less than that of GeRTs (see Fig. 1.4) but still more than
adequate to achieve 0.1 mK resolution in the liquid-He range. ZNRTSs are not interchangeable,
but will exhibit a broad range of resistance characteristics for any given model.

ZNRTs will typically exhibit stability under thermal cycling of £1 mK or better in the liquid
helium temperature range [90-91]. Calibration shifts near ambient temperatures are larger,
typically 0.1 K to 0.2 K, for T=300 K. The resistance normally increases over many cycles,
resulting in gradual negative thermometric shifts. Evidence suggests that units exposed to 25 or
more thermal cycles will achieve better subsequent stability for T>20 K than will un-cycled units
(i.e. the thermal aging process is somewhat self-limiting) [90]. The manufacturer gives more
conservative long-term specifications, however, of +25 mK for T<77 K over 200 thermal cycles
[92].

There are a variety of pac