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Chromic methylammonium alum and manganous ammonium sulfate have been used in
complementary experiments to establish a paramagnetic salt temperature scale (T&)
from 0.9 to 18 K which is based on the ¹B.S.-1955 platinum resistance thermometer
scale. The liquid-helium vapor-pressure scales differ from T„almost linearly in tem-
perature up to 4 K with a maximum deviation TJI - T58

——6.7 mK at 4.2 K. Satisfactory
agreement is found between T& and an earlier constant-volume gas thermometer scale.
T~ and the N.B.S. acoustic scale differ systematically by 0.03 k from 2.2 to 19 K with a
maximum deviation of 5 mK from a linear relation.

The bases for the establishment of the present-
ly accepted liquid He' vapor pressure scale T„
have been discussed at length in the original pub-
lication, ' a subsequent paper by van Dijk, ' and in
the series of papers which establish the He' va-
por pressure scale T6,.' Several recent mea-
surements have suggested that the T„value for
the boiling point of liquid helium, 4.215 K, may
be too low by as much as 10 mK. These data,
which are summarized in Fig. 1, include sound-
velocity measurements in He '*' and He'' gas as
well as a constant-volume gas thermometer
(CVGT) scale' which will be referred to as RTAS
in the following. Each point in Fig. 1 has associ-
ated with it roughly the same uncertainty of 2 or
3 mK, and there is agreement within these lim-
its. The acoustic data' and the CVGT data above
4 K can be made to agree better if a slight ad-
justment (+6 mK) is made to the value of the cal-
ibration temperatures of the CVGT experiment
near 20 K.' The lack of precision of the CVGT
data is due to a deliberate choice of a small sen-
sitivity to minimize errors due to uncertainties
in the virial coefficient of helium gas. It is dif-
ficult to establish the major sources of uncer-
tainties in the acoustic measurements. "
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Helium gas is used in thermometry investiga-
tions because its equation of state closely re-
sembles the theoretical ideal gas equation of
state. Dilute paramagnetic salt systems can be
represented by susceptibility versus tempera-
ture relations which are relatively simple and
which also contain the thermodynamic tempera-
ture. T„andT„,for instance, were derived in
part using the results of paramagnetic salt ther-
mometry. Durieux and his collaborators""
have used paramagnetic salt thermometry based
on assumed temperatures near 2, 4, and 20 K
to investigate the helium and hydrogen vapor-
pressure relations. The recently defined Inter-
national Practical Temperature Scale of 1968
(IPTS-68)" below 20 K is based in part on their
investigations.

The work which we describe below is similar
to that of Durieux et al. ,

"'2 except that we cali-
brated our paramagnetic salt thermometer from
20 to 30 K using the N. B.S.-1955 platinum resis-
tance thermometer scale and then extrapolated
this calibration into the liquid-helium region.
This procedure can be carried out with high pre-
cision and is completely independent of the sys-
tematic errors which enter into the CVGT or
acoustic measurements. The major disadvantage
is that four independent parameters enter into
the analysis of the experimental data.

The ac susceptibility of a paramagnetic salt
can be determined through the use of a mutual
inductance bridge with the salt located at the cen-
ter of a set of mutual inductance coils. The
bridge readings X then are given by
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FIG. 1, The differences between recent thermometry
and the liquid helium vapor-pressure scales. Trian-
gles, Cataland and Plumb (Ref. 7); circles, Grimsrud
and Werntz, Ref. 8; crosses, RTAS (Ref. 9). The solid
line is a smooth representation of the present results.

with & and & dependent both on the coil geometry
and the salt used, & dependent on the type of salt
and its shape, and 6 presumably dependent only
on the type of salt. The behavior of the Cr
ion in chromic methylammonium alum (CMA)
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[Cr(CH, NH, )(SO,),.12H,Oj has been studied in
some detail both experimentally and theoretically,
and a value of 6 = 2.8&10 3 K' has been suggest-
ed.""The behavior of the other paramagnetic
salt which we used, manganous ammonium sulfate
(MAS) [Mn(NH, )(SO,), 6H,O], is much more com-
plex and both & and ~ must be determined ex-
perimentally. ""

The procedure for determining these parame-
ters from experimenta1 data and for establishing
that only four parameters are necessary is based
on two assumptions:

(1) The ¹B.S.-1955 platinum resistance ther-
mometer scale x epresents thermodynamic tem-
peratuxes between 18 and 30 K.

(2) The liquid helium vapor-pressure scales
T58 and T62 al e proportional to the ther mody-
namic scale from 0.9 to 2.6 K or higher. This
appears to be reasonable since thermodynamic
arguments and relations played a large role in
the establishment of these scales. We also have
compared both T62 and T» with the susceptibility
of a powdered cerium magnesium nitrate sample
(for which both & and & are zero) and have veri-
fied this proportionality to within +0.3 mK be-
tween 0.9 and 2.6 K. Our measurements on this
salt showed large deviations from Curie's law
above 2.6 K; presumably if we had used single-
crystal samples we could have verified the lin-
earity of the vapor-pressure scales up to the
temperature of 3.6 K, which is suggested by the
work with the other salts.

The constants &- and & must be determined us-
ing the high-temperature susceptibility data, and
their pxecise value is dependent slightly on the
values of & and ~ which are assumed. The ex-
trapolation to low temperature is very sensitive
to these latter parameters, however, and it is
for this reason that the linearity of the helium
vapor-pressure scales is assumed. Once a val-
ue of A. has been determined using the high-tem-
peratuxe data, pxecise values of & and & can be
calculated from the susceptibility data taken be-
low 3 K. The interdependence of & and & and
these parameters necessitates a self-consistent
approach to obtain final values.

We wi11 not describe the apparatus in detail.
The mutual inductance bridge (33 Hz) is of the
highly stable type which we have developed for
low-temperature thermal expansion work'~ and
is similar to that described by Maxwell. " If X
= I.0000000 repx esents the maximum bridge
reading, the stability of the bridge and its repro-
ducibility were of the order of 10 '. The pow-

dered paramagnetic salt was packed in silicone
oil in a nylon container and was connected to a
2-kg copper thermometer block by fine copper
wires 25 cm long. This thermometer block con-
tained a heater, a chamber into which liquid he-
lium ox liquid hydrogen could be condensed for
operating below bath temperature, three vapor-
pressure bulbs, an N.B.S.-calibrated platinum
resistance -thermometer, and four germanium
resistance thermometers. The paramagnebc
salt was surrounded by a "coil-foil" shield which
was attached to the Mock at a point above the
thermometers. The pressure in the vacuum
jacket was less than 10 ' Torr at all times when
data were being taken. The mutual inductance
coils were mounted outside of a glass vacuum
jacket tail in the liquid-helium bath and were
kept at a constant temperature; only the ther-
mometer block and the paramagnetic salt changed
temperature. "Blank" runs (with no salt in the
nylon container) gave a mutual inductance versus
temperature correction which corresponded to
less than I mK at any temperature. This was
achieved by careful coil design and by the inser-
tion of a superconducting lead shield between the
block and the coils to eliminate effects due to
tempex ature-dependent eddy currents in the
block.

All vapor-pressure and susceptibility data
were recorded in terms of the resistances of the
platinum thermometer and the four germanium
thermometers. Measuring currents were limited
to reduce thermometer heating effects and stan-
dard potentiometric and current-reversal tech-
niques were used in the resistance determina-
tions. No detectable shifts in thermometer cali-
brations (greater than ~0.2 mK) were observed
in the course of the vapor-pressure measure-
ments and data taking with both CRfA and MAS.
MAS has roughly 3 times the volume susceptibili-
ty of CMA and hence 3 times the temperature
sensitivity. CMA, however, has smaller abso-
lute values of & (+1.9 mK vs -36 mK) and & (2.8
x10 K vs 6.4x10 K ). ~en these sets of
parameters were used (with appropriate values
of A and &) the temperatures obtained using the
two different pax'amagnetic salts were identical
to within better than I mK down to 5 K and to
+0.3 mK below 5 K. We have designated the tem-
peratux'e scale which results fr'om a combination
of the two sets of data as Tz,. this scale is
"stored" in the resistance-temperature x elation-
ships of our germanium thermometers.

Our x esults are compared with the liquid heli-
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FIG, 2. The deviation of Tz from the liquid helium
vapor pressure scales.
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FIG. 3. The deviation of various temperature scales
from Tz. Crosses, RTAS (Ref. 9); triangles, N.B.S.
acoustic (Rev. 10).

um vapor-pressure scales in Fig. 2; here, T„
has been used from 5 to approximately 1.4 K and

T„from 1.6 to 0.9 K with no detectable differ-
ences in the overlap region. The solid dots rep-
resent deviations from T& of vapor pressure
temperatures taken over the course of a year
and recorded in terms of thermometer resistanc-
es. We do not believe that the systematic devia-
tion about the straight line is a real effect. The
smooth curve through these points is plotted also
in Fig. 1 where the agreement appears to be with-
in the stated uncertainties in the other less pre-
cise data. A similar conclusion that T-T„=7
+ 3 mK near 4 K follows from a compilation of
the results of various CVGT determinations. ""

Unfortunately, there is no reason to believe
that the T-T„relation which we give in Fig. 2 is
correct in a thermodynamic sense, since the
basic input data, the N. B.S.-1955 scale, may not
represent the thermodynamic scale. Indeed, if
we had used IPTS-68" to calibrate our thermom-
eters from 18 to 30 K, the value of T-T„which
we give for 4.2 K (6.7 mK) would increase to ap-
proximately 8.5 mK, in better agreement with

the acoustic results. The gas thermometer re-
sults would increase correspondingly. We appear
to be in the unfortunate position of being able to
relate the liquid helium temperature region to
the 20 K region with a greater accuracy than
thermodynamic temperatures can be realized at
present from 18 to 30 K. In any event, it is ob-
vious that T„deviates significantly, although al-
most linearly below 4 K, from thermodynamic
temperatures.

Figure 3 compares our temperature scale with

the N. B.S. Provisional Temperature Scale 2-20
(1965)"which we will designate as N.B.S. acous-
tic, the RTAS CVGT scale, ' and the two scales
on which our platinum resistance thermometer

has been calibrated, N. B.S.-1955 and IPTS-68.
T&, by definition, is identical with N. B.S.-1955
above 18 K. One of our thermometers, GR803,
was calibrated in the RTAS experiment, and also
has been calibrated at N. B.S. on the acoustic
scale. Hence, it is the source of the compari-
sons with these two scales shown in Fig. 3.
There are a number of annoying inconsistencies,
but various checks including thermometer cali-
bration comparisons and vapor-pressure mea-
surements on hydrogen and neon lead us to be-
lieve that our thermometer calibrations (GR803
and platinum resistance) correspond to the N. B.S.
scales with an accuracy of 2 mK.

The RTAS data appear to scatter randomly
about T„with a maximum deviation of +3 mK
except at 12 K and above 15 K, while differenc-
es from the acoustic scale appear to be small
but systematic. If T& is proportional to thermo-
dynamic temperatures, the acoustic scale also
can be considered to be proportional to thermo-
dynamic temperatures if a systematic linear dif-
ference of 0.03 k is assumed between the two
scales. Below 20 K the acoustic data in Fig. 3
scatter about a line with this slope with a mean
absolute deviation of less than 2 mK and a maxi-
mum deviation of 5 mK. This would suggest a
value for the thermodynamic temperature at 20
K which is somewhere between N. B.S.-1955 and
IPTS-68. The dot-dash line indicates the change
in T& which would result if our salt thermome-
ters had been calibrated using IPTS-68.

Astrov, Orlova, and Kytin" report much larg-
er differences between the Physicotechnical and
Radiotechnical Measurements Institute (PRMI)
CVGT scale and the N. B.S.-acoustic scale.
These differences vary from T p RMy —Tpg=+10
mK near 7 K to -8 mK near 11 K. This indicates
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a discrepancy between the scales compared in

Fig. 3 and the PRMI scale.
We believe that we have established a tempera-

ture scale from 0.9 to 18 K which is consistent
with N. B.S.-1955 to better than +1 mK over this
temperature region. The absolute accuracy of
our scale is limited by the uncertainties in the
temperature scales above 20 K. Experiments to
realize these temperatures more precisely must
be performed before an "accepted" temperature
scale can be established in this temperature re-
gion below the boiling point of liquid hydrogen
and before T» and T„arerevised. The rela-
tionship between such a new scale and the exist-
ing scales (N.B.S.-1955 and IPTS-68, for in-
stance) can be used to recalculate our scale on
a more firm thermodynamic basis.

The authors are indebted to Dr. H. H. Plumb
for numerous conversations and for practical
assistance with unpublished data, and to Dr-. M.
Durieux for providing us with a copy of his in-
valuable Ph. D. thesis. A preliminary (and in
retrospect somewhat inaccurate) account of this
work appears in a summary article on thermom-
etry from 1 to 30 K." A complete description
of these measurements will be submitted else-
where.

*Work performed in the Ames Laboratory of the U. S.
Atomic Energy Commission.
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OF THE COEXISTENCE CURVE*
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NMR measurements (+5%) of self-diffusion in xenon to within 10 ppm of the critical tem-
perature show no anomaly relative to the behavior on the liquid branch of the coexistence
curve between 177 and 281 K. In this lower temperature range we observe pD ~ T '
This same temperature dependence also describes similar data of Trappeniers and Oos-
ting for the nearly spherical molecule methane.

Whether or not the simplest of the transport
properties, self-diffusion, behaves anomalously
near the liquid-vapor critical point still remains
to be answered definitively. Noble and Bloom, '
using a NMR technique, ' have observed an anoma-
lous I5 to 20/p decrease in the product of density
p and diffusion coefficient D for liquid ethane on
the coexistence curve in the region several de-

grees below the critical temperature T, . Diffu-
sion in the vicinity of the critical point has been
observed in several other experiments on simple
fluids using tracer methods' and neutron scatter-
ing, ' but no similar anomaly has been reported.

We have recently used the NMR technique to
measure the self-diffusion coefficient of xenon in
the temperature region corresponding to that of
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