
TEMPERATURE SCALES 
BELOW 1 KELVIN 

The quest to measure tem­
perature accurately be­

gan in ancient Greece with 
the invention of the ther­
moscope-an open, oil-in­
glass device that was the 
forebear of the familiar, 
sealed, liquid-in-glass ther­
mometer. Since that time, 
many new types of ther­
mometer have been invented 
to serve contemporary sci­
ence and commerce. The two 

Efforts are under way to develop a 
temperature scale that would reach as low 

as 0.001 kelvin and extend the present 
international scale, which is 

compromising many experiments 
conducted below 0.65 K. 

evolution of a succession of 
international temperature 
scales. The development of 
a new temperature scale al­
ways begins with the funda­
mentals: The physical laws 
given in box 1 are used to 
determine T. Because these 
measurements often require 
an experimental effort sus­
tained over many years us­
ing a complex facility, they Robert J. Soulen Jr and William E. Fogle 

extremes of temperature will, however, always remain out 
of reach of our devices. The highest temperature attained 
by a physical phenomenon, that of the universe at its 
birth, is certainly beyond our measurement capabilities, 
although not our ability to estimate-on the order of 1023 

kelvin. The third law of thermodynamics forbids experi­
ments from ever reaching the lower limit, absolute zero, 
although they may approach it arbitrarily closely. 

Nevertheless, much of the temperature range between 
these two limits has been explored, and experiments 
continue to push ever closer to them. In carefully con­
tained nuclear hearths, experiments on Earth attempt to 
mimic the conditions in the Sun's interior (108 K) in an 
effort to harness a new source of energy. At the other 
extreme, scientists have cooled nuclei in a metal to within 
0.6 nK of absolute zero to conduct thermodynamic experi­
ments on ordered nuclear spins. 

Generally speaking, there is no physical law linking 
the measured quantity to temperature for thermometers 
used in everyday applications, and thus we must calibrate 
such thermometers by an absolute (primary) thermome­
ter-that is, by one based on a fundamental physical law. 
Several laws have been discovered (see box 1) that have 
simultaneously contributed to our understanding of physi­
cal phenomena and served to define an absolute tempera­
ture scale. Thus, the law governing the gas thermometer 
evolved from the kinetic theory of gases developed in the 
19th century, and the law for blackbody radiation ushered 
in quantum physics early in the 20th century. 

The need to provide a common basis for precise 
comparisons of temperature measurements has led to the 
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are usually-but not exclu­
sively-carried out at the national standards laboratories. 
There the metrologists are faced with the exacting chal­
lenge of establishing a satisfactory consensus among meas­
urements that employ these absolute thermometers. They 
then compare their results with those of other laboratories, 
either by exchanging calibrated devices that accurately 
represent their work or by comparing the temperature 
values determined for certain fixed points. 

To make this information useful to a wider group, a 
practical scale is devised from this fundamental work. 
This practical scale is defined by choosing a few interpo­
lation devices, or "defining instruments," that are to be 
calibrated at a number of fixed temperature points. Need­
less to say, great care is taken in constructing a new 
temperature scale and thus only five have been developed 
so far-in 1887, 1927, 1948, 1968 and 1990. (See figure 1.) 

The status quo: ITS-90 
The most recent of these temperature scales is called the 
International Temperature Scale of 1990.1 Figure 2 shows 
the structure of ITS-90. Four defining instruments are 
prescribed, three of which are calibrated at several melting 
and triple points whose temperature values have been 
assigned on the basis of the international comparisons. 
The procedure for their use in precise interpolation be­
tween the fixed points is also prescribed. 

It is apparent from figure 2 that the lower limit of 
ITS-90 is 0.65 K. There are several good reasons for 
extending the scale below this value. 

One of the strongest reasons has come from investi­
gations of the interesting properties of liquid helium-3. 
Below a temperature of about 0.1 K, this substance is 
expected to be an ideal system with which to test the 
predictions of the Landau theory for interacting fermions. 
This theory is expressed in terms of coefficients that may 
be determined from experiments (see box 2). The most 
important of these is related to the effective mass m * of 
the quasiparticles. The best way to determine m* is 
through a measurement of the specific heat Cv, which, in 
turn, requires a very precise temperature scale. Thus, 
specific heat determinations, as well as many related 
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studies of 3He, proceeded apace in the 1960s and 1970s, 
but without the benefit of an international temperature 
scale. Scientists at individual laboratories had no other 
choice but to construct their own temperature scales, and 
thus different scales sprang up throughout the world. 
This situation led to inconsistencies. For example, dis­
crepancies as large as 40% were found in the measured 
values of the specific heat of liquid 3He in the 10-40 mK 
range, yielding a concomitant variation in m*. It was 
commonly believed that inaccuracies in the temperature 
scales caused the observed discrepancies. Given the piv­
otal role played by m* in the Landau theory, the resolution 
of this controversy through the use of an improved tem­
perature scale was considered exceedingly important. 

Liquid 3He held an even greater secret. In 1972, it 
was found2 to enter several new phases below a tempera­
ture of about 2.6 mK, which was labeled TA. They even­
tually proved to be manifestations of the long-sought 
superfluidity and, indeed, last year's Nobel Prize in Phys­
ics went to discoverers David Lee, Douglas Osheroff and 
Robert Richardson. (See PHYSICS TODAY, December 1996, 
page 17 .) Study of these new and very complex phases 
gave the low-temperature community new vigor and 

FIGURE 1. 'ROSETTA STONE' 
OF TEMPERATURE serves as the 
source of the NIST cryogenic 
temperature scale. 
Representatives of nearly all 
the thermometers mentioned 
in the text are mounted on a 
gold-plated copper platform. 
The platform is cooled to very 
low temperatures using a 
3He-4He dilution refrigerator. 

stimulated a renaissance in 
low-temperature research in 
the 1970s and 1980s. The 
experiments were eventually 
accompanied by theoretical 
explanations, which used the 
normal state of 3He as the 
starting point from which to 
derive properties of the super­
fluid state. Thus, many of 
the parameters of the Landau 
theory for the normal liquid 
reappear in expressions for 
properties of the superfluid 
(the superfluid density and 
susceptibility, for example, as 
detailed in box 2), further 
stressing the importance of 

accurately determining the normal-state properties. 
Moreover, the absence of a temperature scale for the region 
below 2.6 mK led many workers to use the expedient of 
reporting their results in terms of TIT A, reasoning that 
their results could then be placed on an absolute basis 
when an accurate temperature scale became available. 
This situation once again called for the establishment of 
a common temperature scale. 

Understanding the properties of liquid 3He is not the 
only reason for the development of a low-temperature 
scale. The advent of the 3He-4He dilution refrigerator 
has made experiments in the region from 10 mK to 1 K 
commonplace. However, the absence of a convenient tem­
perature scale heightens the frustration of users who want 
to measure the temperature accurately. A number of 
adiabatic demagnetization refrigerators have also been 
built throughout the world, plunging experiments still 
deeper into the cryogenic range (µ,K and nK), and further 
extending the terra incognita of temperature. 

A final reason for an effort to define a temperature scale 
in this region comes from the metrologist's desire to test 
physical laws over a much greater range. The outcome of 
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this important challenge will most certainly be of ultimate 
benefit to others conducting their experiments below 0.65 K 

A cryogenic extension of ITS-90 
Figure 3 shows a possible cryogenic extension of ITS-90. 
All the ingredients for the scale have been in use for some 
time, and their suitability for thermometry has been well 
tested.3 The determination of T comes first: The laws 
governing thermal noise and nuclear orientation are most 
appropriate for this region, while the paramagnetism of 
several materials may be used to check the consistency of 
the scale so developed. These materials include cerous 
magnesium nitrate (CMN), lanthanum-diluted CMN, and 
platinum. 

The best candidate for a defining instrument is the 
melting curve of 3He, which is the locus of pressure and 
temperature points that define the boundary between the 
liquid and solid phases. The use of this curve for ther­
mometry was first suggested in 1967 by E. Dwight Adams 
of the University of Florida. The curve is an intrinsic 

FIGURE 2. ITS-90, the current international temperature 
scale. At the low end, the vapor pressures of 3He and 4He are 
the defining instruments. At higher temperatures, three other 
defining instruments are calibrated using 17 fixed 
points-boiling and triple points at the lower end, triple points 
of liquids in the middle and freezing points of metals at the 
high end. The interpolating gas thermometer is calibrated at 
three fixed points and may be used for interpolation between 
them. The platinum resistance thermometer is calibrated at 
several fixed points and spans a large portion of the range. 
The radiation from a blackbody is measured by a pyrometer 
that is calibrated by a single fixed point (usually the freezing 
point of silver or gold); equation 1 is used to define 
temperatures above it. 

property of 3He, and it even provides four special features 
that serve as both temperature and pressure fixed points: 
a minimum at T min, a superfluid transition at TA, a second 
superfluid transition at TAB and a magnetic phase tran­
sition in the solid at T N. (See figure 4 .) The melting 
curve thermometer is a device that employs this P-T 
relation by enclosing a mixture of liquid and solid 3He in 
a container that has one comparatively flexible wall. This 
wall distorts as the pressure changes, and the pressure 
is sensed as a change in capacitance. Such thermometers 
are extremely sensitive, are relatively compact (1 cm3), 

have a wide dynamic range (0.1 mK to 1 K ) and are 
insensitive to moderate magnetic fields (at least for T > TN). 
Counterpoised against these advantages are a few incon­
veniences. The melting-curve thermometer must be con­
nected by a capillary tube to a room-temperature gas 
handling system in which the 3He is stored while not in 
use. The capacitance sensor must also be calibrated 
against a pressure standard for each experiment. 

To round out this formidable array of thermometers, 

Box 1. Fundamental Laws for Thermometry 

Each of equations 1-4 below unambiguously relates a meas­
ured quanti ty to temperature T. They are absolute in the 

sense that they contain only fundamental constants; their 
universality is not compromised by the introduction of sam­
ple-dependent parameters or any other constants that depend 
on any particular experiment. 

For the radiation emitted from a blackbody, the measured 
quantity is the radiant energy flux I(v, T) crossing a uni t area 
per second at a frequency v. 

For a gas, it is the pressure P at constant density, nl V 
Departures from the ideal gas law, P= (nl V)N0kT, become 
serious at higher densities; Band Care the temperature-depend­
ent virial coefficients that account fo r the deviation. 

A res istance R will ex hibi t inherent voltage noise whose 
spectral power density S(v,T) may be measured. 

The angular distribution W(0,T) of gamma rays emitted 
from an oriented ensemble of radioactive nuclei (for example, 
6°Co) may be used to measure temperature. This can be done 
once all the details of the decay scheme- for example, the 
energy level splitting Ll1,r-have been determined by other 
measurements. 

The fifth equation given below relates the magnetic suscep­
tibil ity x for many paramagnetic materials (containing either 
nuclear or electronic spins) to temperature but introduces 
measurement-circuit parameters A and B, as we ll as material­
dependent parameters 0, Ll and 8. Thus, although the function 
x(T) is not known a priori, once the parameters in the equation 
are calibrated by one of the other physical laws, this function 
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may be used fo r precise interpolation and even extrapolation. 
When 0 and 8 may be neglected, the equation is known as the 
Curie- Weiss law. 
Blackbody radiation: 

21r hv3 1 
l (v,T ) = - _-, hvi kT 

C e -1 

Gas: 

nNok T 
1 (n) (n)

2 

l P=-v-l l + B(T) v +C(T ) v + ... j (2) 

Noise: 

S(v, T ) = 4R k T (3) 

Nuclear orientation: 

W(0, T ) = 1 + L, Bi T )RkPicos II), 
k= I 

(4) 

where Bk(T) - exp (Llhr l kT ) 

Paramagnet: 

A 
x = (T + Ll + 0/T + 8/T 2 + .. . ) +B (5) 
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two fixed-point devices, which have proved to be of con­
siderable help in this region, have also been included in 
the cryogenic extension scheme. NBS Standard Reference 
Material (SRM) 767 and 768 are devices that each contain 
five samples of superconducting materials.4 Each sample 
possesses a precise and reproducible transition tempera­
ture that is easily measured with an AC susceptibility 
bridge. Not all of the materials in the SRM devices are 
pure, however, and thus each device must be calibrated. 
Furthermore, the SRM devices are quite sensitive to 
magnetic fields and therefore require shielding. Never­
theless, the SRM devices have provided the means for 
very precise comparison of temperature scales in regions 
not covered by the fixed points on the 3He melting curve. 

FIGURE 3. POSSIBLE CRYOGENIC EXTENSION of ITS-90. Four 
fixed points are defined by features of the 3He melting curve, 
and another eight are provided by the superconductive 
transition temperatures of materials incorporated into SRM 
767 and 768. A single defining instrument, the 3H e melting 
curve thermometer, extends below 1 mK at the lower end and 
overlaps with ITS-90 at the upper end. 

Toward a new cryogenic temperature scale 
Experiments based on absolute thermometry below 1 K 
were initiated in the late 1970s at the National Institute 
of Standards and Technology (formerly the National Bu­
reau of Standards) in the US and at the Physikalisch­
Technische Bundesanstalt (PTB) in Germany. Measure­
ments at NIST were conducted with a noise thermometer 
from 6.5 mK up to and overlapping ITS-90, and with a 
cobalt-60 nuclear orientation thermometer in the 7-22 mK 
region. Direct comparison of these two absolute ther­
mometers yielded agreement to the 0.3% level and, indeed, 
this cryogenic temperature scale is believed to be accurate 
to this level over its entire range.5 This scale was originally 
made available to other laboratories by way of the SRM 768 
device and, subsequently, by way of the 3He P- T relation. 

In the early 1980s, Dennis Greywall at AT&T Bell 
Laboratories carefully measured the specific heat of 3He 
at temperatures below 1 K for reasons mentioned above. 
To develop the requisite temperature scale, he replicated 

Box 2. Theoretical Description of Liquid Helium-3 

Consider first the normal state of liquid 3He. Lev Landau 
asserted that the problem of describing the low-tempera­

ture behavior of a system of strongly interacting fermions may 
be reexpressed in terms of a system of weakly interacting, 
long-lived excitations- quasiparticles. The momentum p and 
distribution n(p) for the quasiparticles are the same as chose 
for an ideal (noninteracting) Fermi gas that obeys Fermi-Di rac 
statistics, but their energy and effective mass m'' are quite 
different. Indeed, m* fo r 3He quasiparticles is roughly three 
times that of a bare 3He atom, indicating that an individual 
3He atom is heavi ly "dressed" by its interaction with the other 
atoms; yet the dressed quasipanicles may be thought of as 
weakly interacting. Landau 's phenomenological expression for 
the energy of the quasiparticles is 

E = I, e(p) dn(p) 
p 

+ ½ L: v(p,p') dn(p) dn(p') + ((p,p') u (p) . u(p') l 
p,p 

Here dn is the change in the Fermi-Dirac distribution of the 
quasiparticles from the average value at T = 0;/(p,p') represents 
the forward scattering amplitude of two quasiparticles with 
momenta p and p'; and ((p,p') represents the part of the 
interaction that depends on their spins u . For isotropic liquid 
3He the in teraction wi ll depend only on the angle fJ between 
p and p', and may be expanded in terms of Legendre polyno­
mials Pi(cos fJ): 

Here dnl de is the density of states. The coefficients F1 and 21 
are related to physical parameters and thus may be determined 
from experiments. For instance, the specific heat Cv is related 

to F1, m* and the specific heat of a Fermi-Dirac gas, Cm, by 

Thus an important prediction of this theory is that the specific 

heat of 3H e should be linear in temperature. Other predictions 
relate F0 and Z0 to the speed of sound v0 and the normal-state 

susceptibility Xn, respectively: 

p} 
ilo=-- (1 +Fa) 

3mm* 

Note that the effective mass m* appears in all the expressions. 
Many properties of the superfluid state of 3He may be 

related to the parameters developed for the normal state. By 
way of illustration, the superfluid density p, and the superfluid 
susceptibility X, are given by 

p,(T/ Tc) - I 

-P-= (1 + F/3) Y(T/Tc) 
n 

X, - I 
x ,, =(1+20 / 4) Y(TITJ, 

where Y(TI TJ is a known function of temperature. 
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FIGURE 4. MELTING-CURVE THERMOMETRY. 

a: Melting-curve thermometer. The chamber containing the 
two phases of 3He has a flexible wall (diaphragm) that distorts 

when the melting pressure changes as a result of a change in 
temperature. This distortion is registered as a change in 

capacitance between the diaphragm and a fixed electrode. 
b: The melting curve of 3He. The nonlinear relation 
between the melting pressure and temperature, which 

separates the liquid and solid phases of 3He, must first be 
established by carefully measuring both the pressure and 

temperature. This established relationship is then used to 
convert a measmcd pressure to a corresponding temperature. 

the NIST scale by calibrating a CMN thermometer from 
15 to 204 mK with an SRM 768 device. In addition, 
because of the desirability of measuring the specific heat 
down to about 1 mK, Greywall devised a method to extend 
the scale to much lower temperatures. He did this by 
first measuring the low-pressure specific heat in the nor­
mal-Fermi-liquid region on a provisional paramagnetic­
salt scale extrapolated from higher temperatures. Analy­
sis of the data indicated that the temperature dependence 
of the specific heat was not linear as predicted by the 
Landau theory, and so Greywall adjusted the provisional 
scale in such a way that he obtained the expected tem­
perature dependence. He correlated temperature meas­
urements on this scale with 3He melting pressure meas­
urements to develop a P-T relation covering the 1 to 250 
mK region. Thus, the Greywall scale, which has been 
used in many laboratories since 1986 as a de facto stand­
ard, is a hybrid of the NIST scale above 15 mK and a 
scale based on the assumed temperature dependence of 
the specific heat of 3He below that temperature.6 

Norman E. Phillips of Lawrence Berkeley National 
Laboratory has pointed out to us that the linearity of the 
specific heat of 3He on the Greywall scale does not prove 
that the scale is accurate. Briefly, consider a temperature 
scale t that differs from the thermodynamic scale T in a 
way defined by the function 15 = (T - t)/t. It is simple to 
show that the effect of a temperature scale error on a 
linear specific heat is given by 

Cr! T z l -215-t/5' 
C,!t ' 

where 15' = d/5/dt and Cr and C, are the specific heats 
measured on the thermodynamic and deviant temperature 
scales, respectively. In the case considered above, we 
employ the boundary condition t = T above 15 mK and 
consider the effect of a potential scale error at lower 
temperatures. Below 15 mK, if 15 becomes positive, then 
15' must be negative, or, if 15 becomes negative, 15' must be 
positive. In either case, the two correction terms tend to 
cancel and we see that the heat capacity test of tempera­
ture scale accuracy is a weak one. Indeed, if 15 = a!T 2, 

where a is any constant, then the two correction terms 
cancel exactly and the specific heat will be the same on 
both scales. 

Due to the fact that the NIST scale did not extend 
below 7 mK, Adams and his coworkers used 6°Co nuclear 
orientation and platinum NMR thermometry to devise a 
scale covering the 0.5 to 25 mK region.7 After adjusting 
their 3He melting pressure scale to coincide with the NIST 
value at P min, they found that their temperature measure­
ments agreed with those of NIST in the region of overlap 
to within about 0.3%. By using NIST data from 25 to 
250 mK, a P-T equation for 3He was developed spanning 
the 0.5 to 250 mK range. Near 1 mK, this scale is believed 
to be accurate to 1 %. 
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Last year, Gerhard Schuster and his coworkers at 
PTB published8 a comprehensive P-T relation for 3He 
covering the range from 1 mK to 1 K. This scale has its 
origins in the ITS-90 range above 1 K, where a CMN 
thermometer was calibrated; the resulting equation was 
then extrapolated down to about 40 mK, where poor 
thermal equilibration of the salt prevented further ex­
trapolation. The CMN thermometer was then used to 
calibrate a platinum NMR thermometer whose Curie-law 
relation was extrapolated down to 1 mK. Noise ther­
mometry was used in both the CMN and platinum ther­
mometry ranges to check for thermodynamic consistency. 
The PTB group estimates that the scale has an inaccuracy 
of about 0.1% at 50 mK, increasing to about 1% at 1 mK. 

Scales in the balance 
To compare the temperature scales outlined above, one 
must first deal with the fact that, in general, measurement 
errors in both temperature and pressure lurk in the 
various P-T relations. In this regard, the importance of 
the 3He fixed points cannot be overemphasized, for, at 
these points, one can make independent measurements of 
both temperature and pressure and then use them to 
differentiate between the two types of error. Thus, to 
make meaningful temperature-scale comparisons, it has 
become common practice to adjust the pressure scales used 
in different laboratories to align them as nearly as possi­
ble. In the comparisons described below, the 3He pressure 
scales have been normalized at P min because this fixed 
point is most easily realized and, as shown in the table 
on page 41, recent values for P min obtained by workers at 
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ratory. Below 15 mK, Greywall tem­
peratures are progressively lower than 
corresponding values on both the NIST 
and Florida scales, the difference 
mushrooming to about 20% at 1 mK. 
Examination of the table below, how­
ever, indicates that Greywall and Flor­
ida report temperatures for the three 
low-temperature fixed points that are 
in agreement at the 1 % level. The 
resolution of this paradox is found in 

-0.5 o~ --~20 ___ 4~0---6~0--~80---1
~00 ___ 12~0---1~4-0--~160 the table, where we see that Greywall's 

TEMPERATURE (millikelvin) 

NIST, at PTB and by Johan Bremer and Marten Durieux 
at the Kamerlingh-Onnes Laboratory in The Netherlands9 

are in agreement to within the ±50-pascal capability of 
current pressure metrology. (This result is significant in 
its own right for it demonstrates that, if sufficient care is 
exercised, virtually identical pressure scales can be real­
ized on an independent basis.) 

In figure 5, the various temperature scales are com­
pared against one another using the University of Florida 
P-T relation as a common reference function. The figure 
does not extend to temperatures that overlap the ITS-90, 
because the Greywall and Florida equations do not extend 
above 250 mK and the NIST/PTB comparison is un­
changed above that point. Above 25 mK, the NIST and 
Florida scales are identical, and so the deviations are, of 
course, zero. In the 7 to 25 mK region, the NIST and 
Florida temperature scales agree to within about 0.3%. 
This is a notable result indicating that absolute thermome­
ters, developed and operated independently, and compared 
by way of 3He melting pressure measurements, can yield 
results that agree to within the estimated experimental error. 

The Greywall scale agrees well with the NIST scale 
in the region above 15 mK, although the required adjust­
ment of the 3He pressure scale at P rrun is rather large. 
This agreement indicates that the SRM 768 fixed points 
successfully transferred the NIST scale to Greywall's labo-

value for the difference P A - P min is far 
lower than that reported by the other 
laboratories. This means that Grey-

wall's P-T relation lies beneath the Florida relation and, 
consequently, temperatures calculated from the Greywall 
equation will be lower than those derived from the Florida 
equation, as indicated in figure 5. Of course, one can 
renormalize the Greywall pressure scale at one of the 
low-temperature fixed points, and, indeed, the PTB group 
did that recently. 10 Although this adjustment greatly 
reduces temperature differences in the superfluid region, 
it destroys the excellent agreement mentioned above for 
temperatures above 15 mK, the very region in which the 
Greywall scale was created. It also exacerbates the dis­
crepancy in P rrun values between Greywall and NIST. 
Thus, although temperatures on the Greywall scale agree 
well with the Florida values at the low-temperature fixed 
points and with the NIST scale at higher temperatures, 
there does not seem to be any physically plausible adjust­
ment to the Greywall pressure scale that will allow an­
other laboratory to gain the full benefit of the Greywall 
temperature scale over its entire range. 

The PTB and NIST temperature scales differ by 
essentially a constant 0.3% from the low end of the ITS-90 
down to about 40 mK. Because the melting curve's sen­
sitivity T(dP!dT) changes substantially over this interval, 
one would not expect this behavior if the discrepancy were 
associated with 3He pressure measurements. Therefore, 
this result reflects real differences between the NIST noise 

Helium-3 Melting-Curve Data at the Fixed Points 

Pmin (MPa) PA -Pmin (Pa) TN (mK) TAB (mK) TA (mK) 

Halperin et al. 11 2.93 160 ± 0.00030 502 600 ± 100 1.100 2. 179 2.752 ± 0.110 

Greywall 6 2.93 175 ± 0.00030 502 050 ± 100 0.931 ± 0.008 1.932 ± 0.015 2.491 ± 0.020 

Hoffmann et al. 12 502 640± 80 

Ni etaL.7 2.93 11 8'' 502 574 ± 100 0.934 ± 0.009 1.948 ± 0.020 2.505 ± 0.025 

Schuster et al. 10 2.93107 ± 0.00005 502 940 ± 30 0.880 ± 0.010 1.870 ± 0.020 2.410±0.020 

Colwell et al. 13 2.93118 ± 0.00005 

Bremer et al.9 2.93114 ± 0.00008 

''Ni et al. adjusted their pressure scale at Pm,, to that of Colwell et al. 
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thermometer and the PTB CMN thermometry. Below 40 
mK, the point where the PTB scale makes a transition 
from its CMN to its platinum NMR thermometer, PTB 
temperatures decrease more rapidly than both NIST and 
Florida temperatures, as was the case with the Greywall 
comparison. There the similarities end, however, for, as 
the table indicates, the PTB value for PA - P min is larger 
than that reported by any other laboratory. On a common 
temperature scale, the PTB melting curve would lie above 
those of the other laboratories, and temperatures calcu­
lated from its P-T relation would be higher than those 
obtained from the other P-T relations. As figure 5 makes 
clear, however, that is not the case. This inconsistency 
can be resolved only if PTB temperatures are lower than 
those of NIST and Florida at common pressure values. 
Indeed, the table demonstrates that the PTB assignments 
for the low-temperature 3He fixed points are the lowest 
values reported to date. Although both the Florida and 
PTB groups estimate that their temperature measure­
ments are accurate to the 1 % level, the differences re­
ported in the table are about 5%. 

Unfinished business 
As the above comparisons make clear, there are some 
significant loose ends in the thermometry enterprise from 
0.65 K to 1 mK, especially at the low end of the range. 
In particular, we sorely need additional high-accuracy 3He 
melting-pressure measurements at the low-temperature 
fixed points. Moreover, there is some question about which 
measurements can provide the best means for realizing these 
fixed points. Only when all laboratories can agree upon a 
single melting-pressure scale will meaningful temperature 
comparisons be possible down to 1 mK. Additional tempera­
ture measurements using absolute thermometers below 10 
mK and, in particular, at the low-temperature fixed points 

are also critical. If such experiments could be concluded 
successfully, it would seem likely that an official extension 
of ITS-90 could soon follow, to the great benefit of the 
low-temperature research community. 
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Move forward with HTS applications 

Our proprietary Melt Cast Process 
(MCP) for producing BSCCO 2212 
bulk material permits the manu­
facture of a wide variety of shapes. 
It also allows the integration of 
low resistance silver contacts and 
easy mechanical processing. 

HTS current leads based on 
MCP BSCCO rods and tubes 
from Hoechst are the first applica­
tion of ceramic superconductors 
in electrical power engineering 

with currents up to 10.000A. 
A reduction of the heat load to 
the 4 K level by more than a factor 
of 10 was achieved. This results 
in a significant reduction of the 
refrigeration costs and allows new 
innovative cooling concepts. 

Parts of up to 400 mm in 
length or diameter can also be 
used in applications in the field 
of magnetic shielding, current 
limiters or others. 
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