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Abstract
In the temperature range between 0.65 K and Ihi,ihternational temperature scale of 1990
(ITS-90) is based ofHe vapour...pressure thermometers and overlaps with the provisional low
temperature scale of 2000 (PLTS-2000) de ned by the melting pressidkeofAnindirect
comparison at PTB revealed differencesiren the two scales of up to 1.5 mK at 0.65 K
(Engertet al2007 Metrologiad4 40...52). Stimulated by the PTB results, we have performed a
direct comparisommgg..T 2000 from 0.65 K to 1 K at LNE-CNAM. To test repeatability, the
experiment was conducted twice: in 2019 and 2020. We nd differefggsT 2000 0f 0.28 mK
at 1 K, increasing to 1.58 mK at 0.65 K. Theelit comparison, elimates the uncertainty
component due to the transfer resistance thermometer and its calibration. Except for a point
near 1 K, the new results are in accordance withse obtained at PTB (differences of less than
0.22 mK), which makes it possible to improvetaccuracy of the equation speci ed in ITS-90.

Keywords: international temperature scale of 1990 (ITS-90), provisional low temperature
scale of 2000 (PLTS-2000), vapour pressuréHé, melting curve ofHe, low temperature
thermometry

1 Introduction In ITS-90, temperature is de ned by the relationship between
vapour pressure and temperature of heliumiBlej lig-
Two different international temperature scales are employaiti/vapour interface. The equation is based on the work
for thermometry in the temperature range 0.65 K...1 &f Rusby and Swensond] and El Samahy 4] using the
the international temperature scale of 1990 ITS-80dnd extrapolation of magnetic salt thermometry and its refer-
the provisional low temperature scale PLTS-20@) 3]. ence from the constant-volume gas thermometry of Berry
[6]. For PLTS-2000, temperature is de ned by the relation-
ship between melting pressure and temperaturéHef The
equation is based on the background data of Soeleal

from NIST [7], Schusteret al from PTB [8] and Ni et al

Original content from this work may be used under the term? Uni itv of Elorid dath d . Vsi
BY of theCreative Commons Attribution 4.0 licencgny further rom University of Florida §] and a thermodynamic analysis
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Since the adoption of the ITS-90 and PLTS-2000, severdf the *He melting pressure anéHe vapour pressure. In
national laboratories have set up apparatus to implement thesetior3, values ofTgo..T2000are presented together with their
at temperatures below 1.0 K. The following is a short reviewncertainties.
of work on both scales.

As far as ITS-90 is concerned, in 1996, Meyer and Reill Exoerimental set-u
at NIST [LQ] reported results for the range of 0.65 K...5.0 K. P P
Comparing ITS-90 to the NIST wire scal€\(st, traceable to 2.1 Cryostat
Tx1 [4]), they found a difference of about 0.9 mK at 0.65 K.

In 1997, M.J. De Groot at NMi-VSL]1] established ITS-90 The cryostat used in this work was described in detail in our
in the same temperature range. In 2002, as part of an interaarlier article on the same subje28]. Shown in gurel, it
tional comparison, Hill at NRCI[2] reported results for ITS-90 is based on a commercial dilution refrigerator and uses lig-
below 4.2 K. In 2003 Shimazaki and Tamura at NMIJ/AISTId helium as the cryogen. All parts of the cryostat below
[13] implemented ITS-90 between 0.65 K and 3 K beford K are in a high-vacuum chamber (operating pressure below
upgrading their apparatus to a cryogen-free system in 201 10°° Pa). The MPT sensing element and the VPT cell
[14]. In 2003, Engert and Fellmuth at PTBY] reported exten- are installed on the same copper platform at the bottom.
sive measurements dHe vapour pressure from 0.65 K toThe platform has nine wells for the calibration of rhodium-
1.2 K. Later, in 2007, using PLTS-2000 to estimate the thefon thermometers. The working temperature on the surface
modynamic inconsistency of ITS-90 below 1 K, Engetrtal of the platform is regulated by a Cernoxhermometer and
[16] established a newHe vapour pressure scale known aeater, controlled using a proportional-integral-differential
PTB-2006. (PID) feedback loop written in LabVIEW software. The

PLTS-2000 is based to a large extent on the work &mperature stability indicated by the standard deviation of
Schusteret al [17] which led to the creation of the ultra-low the rhodium-iron thermometer reading is better than 0.1 mK
temperature scale PTB-1996. Subsequently, in 2013, Eng@ter several hours). Since the lowest achievable temperature
et al [18] reported the realization, maintenance and dissenith the cryostat, 20 mK, lies well below that of the melt-
nation of PLTS-2000 in the same laboratory. ing pressure minimum (315.24 mK), the apparatus can be

In 2003, Peruzzi and De GrootJ] evaluated the uncer- used to measure the minimum pressure of the melting pres-
tainty in the realization of the PLTS-2000 from 10 mK tosure thermometer for the calibration of timesitu transducer
1 K at the NMi-VSL. In the same year, one of us (LP) anfsee sectiol.1).
two colleaguesZ0, 21] realized PLTS-2000 in the tempera- T0 reduce the thermal load on the lower copper platform,
ture range from 20 mK to 1 K and compared PLTS-2000 witfhe pressure tubes of MPT and VPT are thermally connected
a second sound thermometer at BNM-INM (presently LNEO the still and mixing chamber anges they traverse. A long
CNAM). Finally, in 2016, Nakagawz2p] reported the imple- stainless-steel capillary is used for the pressure tube of the
mentation of PLTS-2000 below 0.65 K for calibration service®elting pressure thermometer. To facilitate the calculation
at NMIJ/AIST. of the hydrostatic pressure correction of the MPT, the rst

From the brief review above, it can be seen that very fe§gction of this capillary is installed inside a vacuum tube,
laboratories can implement both ITS-90 and PLTS-2000 frof$ shown in gurel, and a heater is used to warm it up to
0.65 K to 1 K, while only PTB has intercompared the twd00m temperature during the calibration process. The temper-
scales in this temperature range. The PTBes results shovdre gradient between roonmtperature and 4.2 K occurs, by
that the inconsistencies between them increase from 0.66 fOstruction, along a horizontal capillary. The VPT tube is
at 1 K to 1.51 mK at 0.65 K. Of the two scales, PLTS-200tlustrated in our previous article]. Also, to simplify the
has a sounder thermodynamic basis and the potential fof@lculation of the hydrostatic pressure correction, vertical seg-
lower uncertainty. For this reason, to establish a harmoniot§nts are made of (high thermal conductivity) copper tubing
connection between them, it has been suggested that valueR&ipw the 4 K ange. In addition, to reduce the thermomolec-
PLTS-2000 should be used to correct ITS-90 rather than tHi&r effect, a tube diametaf 36 mm is used between the
reverse 15, 16]. To this end, PTB has carried out such a tasiart of the tube at 30 K and the anges at room temperature.
performing an indirect comparison in 200Bg] in which two It has a vacuum sleeve to isolate it from the liquid helium
rhodium-iron resistance thermometers were used as trandigfh-
standards. .

To establish alirectlink between the ITS-90 and the PLTS-2-2- Gas handling systems

2000, since 2011, our group at LNE-CNAM has been usinghe apparatus is equipped with two separate gas handling sys-
respectively @He vapour pressure thermometer (VPT) COMems: one for the MPT (PLTS-2000), the other for the VPT

bined with a®He melting pressure thermometer (MPT) ir(ITS-QO). Here below is a short description of both.
a commercial dilution refrigerato2B]. This paper presents

the latest results of such a direct compari3gg..T2o00 from 2.2.1 MPT gas handling system to implement PLTS-2000.

0.65 K to 1 K we carried out in 2019 and 2020. Figure2 shows the gas handling system for the melting pres-
The rest of the paper is structured as follows. In sec®ion sure thermometer. Normally, the gasedids is stored in a big

the experimental set-up is presented, which includes tdamp ata pressure lower than atmospheric pressure to prevent

cryostat, the gas processing system and the measureniisrieaking to atmosphere. During the experiment *tHe gas

2
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Gas handling system (*He vapour-pressure)

Gas handling system (‘He vapour-pressure je— —-[l / 3

Gas handling system (MPT) <———
Gas handling system (dilution refrigerator) 5, T
1 K potpump «— } Thermomolecular correction
n
Vacuum tube |
Liquid helinm bath I ’ N
q! ‘\ Heater-1
— T,
1 K pot stage « Heater-2
Still stage < L } Hydrostatic pressure correction
— T,
Mixing chamber _ Heater-3
stage N
Copper platform < - B L.T,
MPT Heater-4./
™ 3He cell

«— 20 cm

Figure 1. The cryostat used for the comparison lo¢ temperature scales ITS-90 and PLTS-200PT: melting-pressure thermometer. The
gas handling system fdie is not used in the present work. For a detailed description see Spetra@011) P3]. For convenience, the
vertical scale has been compressed.

is rst pumped out from the dump by the liquid helium cold
trap (labelled «HP cold trapein gurg). The trapis then placed
in a liquid nitrogen Dewar vessel. We control the pressur ®T
inside the gas treatment system by manually inserting this co [
trap into the liquid nitrogen (LB Dewar vessel or withdraw-
ing it. The gas treatment system includes another cold tra
which is used to remove impurities condensable by LSuch

a system is usually suf cient to remove impurities from the~ >
3He sample. A second capillary identical to the rstis installed A
in parallel between the gas handling system and the 4 K ange
It is kept only as a backup in case the main capillary become
blocked by condensed residual impurities.

® ' Oil bath

— safety valve

. He D1 valve
The pressure at the top of the cryostat, whie is at i — Itg g]i)lump .
H s 1 — pressure tube
room temperature, is measured by a digital resonant quai L1 | :— fow juahmare tibs

gauge (Paroscienti ¢ Digiquarfz model 1000, range 0...6.8 p .a trap HPcoldtrap  Civostat | () pressure gauge
MPa absolute), named RQfr hereafter. It is installed in an
oil bath and its temperature is stabilized around 80 the Figure 2. Gas handling system for the melting pressure _
maximum excursion never exceediag mK over 120 h. The thermom.eter.. DQeT: digital resonant quartz manometer; HP: high
; R pressure; LP: low pressure.

corresponding standard deviation is 1.5 mK.

The pressure of thtHe melting pressure is measured with
a capacitive pressure transducer manufactured and initially
tested by PTB24] (named MPT in gure2(a)). A commer- and liquid 3He in the lling line. For this reason, the MPT
cial bridge (Andeen...Hagerling, model 7500A) is used to meas designed to include a built-in capacitive pressure sensor,
sure the capacitance of this transducer during the experimemiiich must rst be calibratedh situ at a temperature higher
The DQupr cannot be used to measure the pressure in ttiean 1 K, i.e. when all théHe in the lling line is in liquid
MPT during operation becaudbere is a mixture of solid form.

3
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>
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Cryostat Figure 4. The hydrostatic pressure correction of firée melting
pressure thermometer during calibration at 1.2 K, together with
standard uncertainty bars.

“He gas resource

Figure 3. Gas handling system féHe vapour... pressure
measurements (red lines). The 1 L volumes are used to estimate the .
amount of helium in either or both of the evaporators, this volume capacitance bridge. Throughout the second step, the tempera-

being a few times greater than that of the rest of the tubing. ture of the capacitive pressure transducer is kept close to 1.2 K,
as prescribed in0, 26].

TheC versus pelationship obtained after this two-step cal-
2.2.2. VPT gas handling system for implementation of ITS-90.  jhration process is affected by an overall pressure offset which
Figure3 shows the gas handling system of the vapour pressig&he sum of two main contributions. One is the hydrostatic
thermometer. It contains tHe part and @He part (though pressure generated by the gas column lling the capillary used
the latter is not used in the experiment described here). Bqf:onnect DQpr with the capacitive pressure transducer. The
are similar except that théHe part has a liquid helium cold pygrostatic pressure is caused by to the difference in height
trap to remove liquid and gaseotide from the experimen- gng density between the REr and the capacitance pres-
tal VPT cell. The speci ed purity of the ofHe is 99.996%. syre transducer, the density difference being due to the tem-
The effect of an impurity at the 10 ppm level is less thagerature differential. (We recall the former is at 303 K and
0.01 mK [16, 25]. All pressure sensors are installed in ne Jatter at 1.2 K). For pressures between 2.9 MPa and 4.1
temperature-controlled commercial stainless-steel box (M&@pa, the hydrostatic pressure correction is a monotonically
surements International, Model 9300A) equipped with an elegicreasing function of pressure and can be calculated using
tromagnetic shield, inside which the temperature is controllgge model provided in referenced]. Figure4 shows the trend
to within a maximum excursion of 50 mK around a giveryf the hydrostatic pressure correction and the associated stan-

set point. o _ _ _dard uncertainties. The latter amount to 15 Pa, as reported
The pressure sensor used in this experiment is a higlaviously po.

precision differential capacitance manometer (MKS Baratron Tne second offset contribution comes from the quartz trans-
698A 10 Torr), hereafter referred to as GM, which has been qcer DQuer. As shown below in sectioB.1.], it is nearly
calibrated by direct comparison with the piston manometggstant over the whole pressure range. Consequently, the
FPG8601 in the range of 0...1300 Pa. The calibration is traggsrq|| pressure offset is also a monotonically increasing func-
able to the French national standard and guarantees the linkigf of pressure, with the same trend as the hydrostatic pressure

the calibration results to the international system of units (S ction. As recommended g, its minimum value can be
evaluated by measuring the MPT capacitance at the known

3. Pressure measurement procedures minimum of the melting pressure, at 2.93113 MBrThere-
after, it can be calculated at any other pressure up to 4.1 MPa

This section provides detaitm the procedures employed forand removedin post-processing. The evaluation of the pressure

accurate pressure measurements with both the MPT and f#i@imum in the experiment reported in this paper is discussed

Filter

VPT. in section3.1.2
Finally, another phenomenon affecting measurement qual-
3.1 MPT pressure measurements ity is the hysteresis of the melting pressure capacitive sensor,

mentioned in our paper of 2003(]. This point and the tech-

Prior to the experiment, the relationship between the MFjique employed to reduce the hysteresis are discussed below
measured capacitancg, and the pressure, is determined jn section3.1.3

by a two-step calibration process. In the rst step, a calibrated

piston balance (Ruska 2465A) is employed to calibratgQ 3.11 DQyper stability. The invariance of the D offset
between 2.9 MPa and 4.1 MPa. In the second stegyd?@& between 2.9 MPa and 4.1 MPa is apparent from the his-
used to transfer the pressure calibration toithsitu capaci- tory of its calibrations carried out with the piston balance in
tive pressure transducer in the MPT, via the Andeen-Hagerligg01, 2015 and 2017. Figukeshows the pressure offset from

4
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Figure 5. Offset of DQupt With respect to its 2001 value, checked

in 2015 (lower circles) and 2017 (upper triangles). The solid lines
are least-squares ts to a linear function (slopes given in text).

Figure 6. Minima of the melting pressure recorded by sweeping the
temperature upwards and downwarsig)( The reference of the
pressure deviations is the exact pressure minimum at 2.93113 MPa
as recommended ir2()].

the 2001 calibration. One sees that the offset pressure val-

ues lie around an almost horizontal straight line: slopet19

23 Pa/MPa in 2015 and 42 14 Pa/MPa in 2017, for the

pressure range from 3.22 MPa to 4 MPa, corresponding to

3He melting temperatures between 0.65 K and 1.00 K. We

consider that such a long-term stability results from the fact

that the gauge has been kept immersed for nearly 20 years

in the temperature-controlled oil bath shown in gueDue

to technical dif culties, it was not possible to re-calibrate

DQupt in 2019 nor in 2020. However, since the storage

conditions were identical to those of the period 2001...2017

and the sensor was neither used for other experiments, nor

remoyed from the MPT gas handling system, we assume HSure 7. The graph in the upper part of the gure shows the

behaviour also remained unchanged between 2017 and 2Q23acitance measured as a function of the applied pressure at 1.2 K

For the measurements presented in this paper, thg-PQff- in 2019 and 2020. The lower partahs the corrgsonding tting

set slope is thus taken to be almost vanishing between 3rggiduals of the eighth-order calibration polynomial. The blue and

MPa and 4 MPa. to within 36 Pa. while the offset value j9ht grey shaded regions show the estimated uncertainty due to the
. o . o ysteresis of the MPT capacitance gauge.

determined measuring tele melting pressure minimum, as

described above.

12. MPT - The MPT shown in the same pape2(), a lower-order polynomial pro-
3.12. pressure minimum measurement. € Pres- videsa satisfactory t when there is less hysteresis. To reduce

SUré minimum 1S u§ed t(,) estimate the overall qffset aﬁecthge hysteresis in the 2020 experiment, an adjustment process
the C versusp relationship of the MPT, as mentioned aboqu

Fi 6 sh the mini f th " b qas carried out. Before it was cooled down to below 4.2 K,
Igure shows the minima of theé melling pressure observefly capacitance gauge was subjected to 20 pressure cycles

n t?e 2819 and Zglzoh/(le;genments. . h between 2.8 MPa and 4.0 MPa at 77 K. Then, prior to the
i t 00 tain atsta € d pcriejsure mlrgmum, t de.iemperatuh%l calibration, it was given 20 more pressure cycles at 1.3 K.
IS twice swept upwards and downwards around it, as reCOE\gurw shows the impact of this procedure, which reduced

mended in 19]. In 2019, the pressure minimum was locategh oy steresis twofold. Even so, some capacitor hysteresis
using single temperature sweeps of about 1.5 mK. In Zoa'gmained

a double-sweep procedure was used: the rst sweep used 2.5
mK temperature steps while the second sweep used steps lgglf
the size. Finally, the pressure minimum of the melting pressure”
could be located to withie: 10 Pa. The main uncertainty ithe measurement of th#le vapour
pressure comes from the calibration of the pressure sensor
3.13. MPT capacitive sensor hysteresis. The hysteresis of CMypt. Prior to vapour pressure measurements, two succes-
the melting pressure capacitive sensor, mentioned in our papiee increases to the maximumegsure are performed to sta-
of 2003 RQ], is a phenomenon with an amplitude stronglpilize CMypt and check its correct operation. After this, the
correlated with the cooling process. In the 2019 experimengro is adjusted immediately before the start of the measure-
there is a clear hysteresis wheatd are tted using an eighth- ments. During VPT measurements, the zero is checked regu-
order polynomial equation, as shown in gureSuch a high larly. During the measurements reported in this paper, no shift
order is necessary when a large hysteresis is present. Yetwas observed at a level of 3 mPa.

VPT pressure measurements

5
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them, while at the same time minimizing the impact of the ther-
momolecular effect to begin with, we decided to use the largest
possible tube diameter allowed by the size of the cryo2ait |
With our specially designed pressure tube, the maximum over-
all correction of the thermontecular effect is of the order of
200 ppm at the lowest pressure (100 Pa). This pressure dif-
ference amounts to a temperature difference of 0.02 mK. To
reduce further the uncertainty caused by both hydrostatic and
thermomolecular corrections, the temperatures at four points
along the pressure tube are constantly measuraitu dur-

ing the vapour pressure measurement, using the thermometers
labelledT; to T4 in gure 1.

Figure 8. The calibration of the capacitance manometernGM
(MKS Baratron 698A) used to meastiide pressure with respect to . .
a piston balance (Fluke FPG8601) traceable to the French nationdt- Too--T2000 and associated uncertainty budget
standard.
Here we describe the comparison of ITS-90 and PLTS-2000

followed by the uncertainty budget.

4.1 Experimental realization of Tqg ... Zo0o

Since the experiment described in this paper dract com-
parison betweemggpoandTg, all the MPT and VPT measure-
ments presented hereafter were conducted simultaneously. The
control thermometer and the heater located on the copper plat-
form housing the MPT and the VPT devices were used to set
the platform temperature. Once a stable set point was reached,
Figure 9. Zero offset of MKS Baratron 670B pressure gauge in the MPT cgpacnance and the Vipressure were recorded at
May 2019 and August 2020. the same time.
The initial ®He lling pressure of the MPT determines the
temperature range over whi@hggo can be measured. To span
Figure 8 shows the pressure differences betweeny&M the range from 0.65 K to 1.0 K, three different lling pres-
and the piston balance for both increasing and decreassuyes were employed. Between 0.65 K and 0.80 K, a pressure
pressure. The hysteresis, less than 0.1 Pa, is included3i@ MPa of®He was used. From 0.80 K to 0.95 K, the II-
the calibration uncertainty. The calibration was carried oing pressure was 4.0 MPa. Finally, to go from 0.95 K up to
in October 2019, i.e. between the time of the experiments0 K, a lling pressure of 4.1 MPa was used. Each lling was
in 2019 and 2020, and the same values were used to aparformed by setting the temperature of the MPT capacitive
lyze all the experimental data. As the calibration is alwaysensorto 1.2 K.
performed starting at zero pressure, the zero point must beOn the side of the VPT, to determine the effect of heat
checked during each experiment. Fig@rehows the zero off- uxes on the pressure tube and thereby minimize their impact
set measured when both sides of @yl are evacuated by on Tog..T2000, the temperatur@s on the pressure tube (see
the same turbomolecular pump and the residual pressuregigre 1) was set to different values, by changing the power
lower than 164 Pa. The results show that respective zersupplied to heater 3. FigurE) shows the results of heating.
offsets of 0.755+ 0.001 Pa and 0.94F% 0.001 Pa must Inthe 2019 experiment, the value Bdp..T 2000 rose when the
be subtracted when the data of the 2019 and the 2020 rdnswas increased from about 650 mK to 670 mK. The rise
are analyzed. occurred because the temperatligevas too close to that of
Because the vapour pressure sensor/&Ms located at the lower copper platform, possibly owing to the presence of
room temperature, while thiHe cell is at low temperature liquid He on the surface of the VPT pressure tube, though
(0.65...1 K), a hydrostatic head correction needs to be dsiis is dif cult to prove a posteriori OnceT; was decreased,
mated. This aspectis detailed in our previous w@®,[where the differenceTlgg..T20go returned to its original value. This
the hydrostatic pressure correction is estimated to be aroungplied that if the temperature difference betw@egrand the
1350 ppm of the vapour pressure in our system. Such a prespper platform were large enough, the heating effect on the
sure difference correspondsto a temperature difference of O\#BT pressure tube would have practically no in uence on the
mK. In addition, to measure th#He vapour pressure accu-value of the differenc@gg..T2000 This hypothesis was also
rately, the effect of the ratio of atomic mean free path to tuberi ed at the outset of the 2020 experiment, as shown on the
diameter (i.e. the thermomoldam effect) must be calculated.bottom side of gurelQ. Consequently, during the 2020 run,
Several different models have been proposed to quantify thegemperature difference of at least 50 mK was maintained
effect. To reduce uncertainties due to discrepancies betwédxtweenT; and the copper platform.
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Figure 10. The effect of heating of the pressure tube on the value of the diffefBscd 2000 at 650 mK. Top: heating steps applied for
increasing temperature during run 1 (2019). Bottom: steps applied for decreasing temperature in run 2 (2020). The tempeaidre
blue lines) corresponds to that of heater 3 shown in Figufiéhe difference in the sharpness of the steps between both gures is due to
improved temperature regulation in the 2020 experiment.

Figure 11(a) shows typical results ofgg..T2000 for the
range 650 mKto 1 K. Results for 0.65 K are magni edin 11(b),
where time is shown explicitly. One can see thaf..T2gopCan
be stable for several hours with a standard deviationdf at
0.65 K. Such a stability boosts con dence in our results. Note
that this stability is a product of thdirect comparison between
VPT and MPT. Due to oscillations of the PID temperature
controller, the temperature of the copper platform housing the
two thermometers shows variations larger thapks When
they are operated simultaneously, however, the VPT and the
MPT measure theametemperature oscillations, which can-
cel out when the differenc€gg..T20q0 is calculated. Had we
used an indirect method with a calibrated transfer standard, we
could not have removed the effect of these oscillations and the

nal spread ofTg..T2000 Values would have been signi cantly
wider.

4.2. Uncertainty budget

Table1 shows the uncertainty budget fdgg..To000 measure-
ments, with the detail of components related to the melt-
ing pressure thermometer, the vapour...pressure thermometer
and the temperature stability and gradient on the copper
platform. The uncertainties given in tableare those per-
taining to the second run, i.e. the experiment performed in
2020. Uncertainties of the rst run (performed in 2019) are
larger, owing essentially to the greater hysteresis in MPT

measurements.

Figure 11. (a) The stability ofT9g..T 2000 at €ach temperature point
4.2.1 MPT uncertainties. The melting pressure thermomepw)e'f:fg?;?eednggog%i?e'ﬁfdgge that data for each temperature
ter uncertainty arises mainly from the calibration process. It
includes several items. One is the hysteresis of the melting
pressure measurement transducer ( gdyewhich amounts
to around 400 Pa. Another is the calibration of the quartorrespondingto the D+ offset slope ( gures). The hydro-
oscillator pressure transducer with respect to the pressure Issédtic pressure correction amounts to less than 15 Pa while the
ance, which is typically 41 Pa2(]. The drift of the quartz adjustment of the calibration pressure to the melting pressure

oscillator pressure transducer accounts for less than 36 Rénimum adds less than 11 Pa.

7
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Table 1. The uncertainty budget dfqo..T 2000 in the 2020 experiment (run 2). The word Baratron refers to the type of capacitance
manometer. All values are in millikelvin.

T2000
Uncertainty component 647.977 700.529 751.549 798.541 850.781 898.552 948.990 997.228
Melting pressure thermometer
Hysteresis of the melting-pressure sensor 0.087 0.084 0.089 0.109 0.148 0.189 0.200 0.105
Calibration of quartz oscillator pressure transducer 0.025 0.023 0.021 0.019 0.018 0.017 0.016 0.015
Drift of quartz oscillator pressure transducer (slope) 0.022 0.020 0.018 0.017 0.016 0.015 0.014 0.013
Dielectric susceptibility othe epoxy 0.018 0.017 0.015 0.014 0.013 0.013 0.012 0.011
Capacitance bridge (linearity, stability but not accuracy) 0.010 0.010 0.010 0.010 0.010 0.010 0.010 o0.010
“He impurities in*He 0.012 0.012 0.012 0.012 0.012 0.012 0.012 0.012
Hydrostatic pressure correction 0.009 0.008 0.008 0.007 0.007 0.006 0.006 0.006
Adjustment of calibration pressure to the melting pressure minimum  0.007 0.006 0.005 0.005 0.004 0.004 0.004 0.004
Combined uncertainty for the MPT 0.098 0.093 0.097 0.114 0.151 0.191 0.203 0.109
Vapour...pressure thermometer
Baratron calibration 0.056 0.040 0.031 0.025 0.020 0.017 0.014 0.013
Baratron zero offset and voltage auto-calibration 0.033 0.024 0.018 0.014 0.011 0.009 0.008 0.007
Hydrostatic pressure correction 0.022 0.014 0.016 0.017 0.019 0.02 0.022 0.021
Heating of tube 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
4He impurities in*He 0.010 0.010 0.010 0.010 0.010 0.010 0.010 o0.010
Thermo-molecular pressure difference 0.004 0.002 0.001 0.001 0.000 0.000 0.000 0.000
Combined uncertainty for the VPT 0.070 0.051 0.042 0.036 0.033 0.031 0.031 0.029
Other contributions
Temperature differences in the experimental platform 0.010 0.010 0.010 0.010 0.010 0.010 0.010 0.010
Stability 0.005 0.009 0.008 0.006 0.008 0.011 0.009 0.011
Combined uncertainty 0.121 0.107 0.107 0.121 0.156 0.194 0.206 0.114

We also include uncertainties due to the temperature depen-
dence of the dielectric susceptibility of the melting pressure
sensor epoxy, the capacitance bridge and gas impurities (
gas in®He), all quanti ed in referencedp, 26).

4.2.2. VPT uncertainties. The largest uncertainty component

in the temperature measured by the vapour...pressure ther-

mometer arises from the pressure uncertainty in the capac-

itance manometer calibration. The latter is drawn from the

equation in the calibration certi caté(p) = 0.059 Par 8.3%

10°%|p|. The second largest contribution is related to the zero

offset of the capacitance manometer @yl linked to the

voltage self-calibration performed automatically by the sensgﬁr‘];”eei;ur\g‘é‘zsloﬁ T?(?I?OCISE(ijn\i/tiirci)a(lacl(cjzﬁllce(t:tiiilr']ﬁsofrigeaat‘eement

whenever the Z€ero offsetis deme!ned_. Dur_lng the experiment, betveeen three independent calculations is clearly exce?lent.

the zero offset with voltage self-calibration was checked sev-

eral times, the maximum difference never exceeding 0.03 Pa.

Another signi cant element comes from the correction of the

hydrostatic pressure. As it is dif cult to ascertain the exact K, the results of Czachorowsgt al (2020), Al-Maaitatet al

height of the phase transition surface in the helium-3 cell, (2017) and Hurly (2000) show a small difference (albeit less

the calculation of the hydrostatic pressure correction, half thegan 2% of the value oB), as shown in gurel2. Even so,

height of the cell was used as a conservative estimate of therall, we nd the uncertainty fror to be negligible.

uncertainty. The thermomolecular pressurdfdrence also contributes
The uncertainty in the second virial coef cieBt of 3He to the uncertainty of the result. Referring to the CCT document

is also included in the uncertainty in the hydrostatic pressuidd], we have taken 20% of the value of the thermomolecular

correction. Thanks to progress in the most reedninitiocal- pressure difference as the urtegémty. The effect of heating

culations P7..29], the value ofB for temperatures above 1 Kshown in gurel0and impurities in théHe are also included

has now only a very small uncertainty. For temperatures beldéwthe uncertainty budget.
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Table 2. DifferencesTgg..T2000from 0.65 K to 1 K in the present work together
with their combined standard uncertainty. All values are in millikelvin.
Uncertainties are speci ed to two signi cant gures.

Run-1 Run-2 Weighted average
T2000 Too-.T2000 Uncertainty Too..T2000 Uncertainty Too..T2000 Uncertainty
647.9 1.630 0.15 1.542 0.12 1.577 0.094
700.5 1.329 0.19 1.219 0.11 1.245 0.093
751.5 1.053 0.25 1.101 0.11 1.094 0.098
798.5 0.913 0.32 1.042 0.12 1.026 0.11
850.7 1.000 0.36 0.666 0.16 0.718 0.14
898.5 0.843 0.35 0.664 0.19 0.706 0.17
948.9 0.599 0.27 0.674 0.21 0.647 0.16
997.2 " N 0.281 0.11 0.281 0.11

with those of the pioneering indirect comparison made at PTB
in 2006 [15]. Except for the point around 1 K, all differences
are below 0.22 mK and lie within the error bands of each
laboratoryes results.

5. Conclusion and perspectives

Practical thermomejrtraceable to the Sl unit kelvin at tem-
peratures below 1 K is based on either the international
temperature scale of 1990 (ITS-90) or the provisional low tem-
perature scale of 2000 (PLTS-2000), though the two scales
Figure 13. Values ofTeo. T2000rom 0.65 K to 1 K from the present differ slightly_. In this rggion, ITS-90 uses the vapour pressure
work and a comparison with the results obtained at PTB in 2006 curve of liquid®He while PLTS-2000 is based on the melting
[16]. The dashed lines correspond to the combined standard pressure of solidi e®He. In addition, there exist many other
uncertainty of PTB2006. methods of practical thermometry in the temperature range
below 1 K (e.g. second sound in3ale.*He mixture R1],
superconducting transition xed points of alloys and pure met-
4.2.3. Other uncertainties. In addition to the aforementionedals [32]). In the present work, a direct comparison of ITS-90
contributions, temperature gradients in the experimental plaiad PLTS-2000 from 0.65 K to 1 K has been performed for
form can also in uencethe measured values Gfgo..T2000  the rsttime. For this purpose, a vapour pressure thermometer
As the locations of the melting pressure thermometer and thed a melting pressure thermometer were installed on the same
vapour pressure thermometer lie very close to each other, sapper block and measured simultaneously. To check repeata-
have estimated the temperatdifference to be no greater thanbility, the experiment wasanducted twice, in 2019 and 2020.
10 pK. Lastly, uctuations of Teg..T2000 @t each measuring The results show that at 1 K, temperatures of ITS-Bgh)Y
point must be included. Typically, they never exceegikQas exceed those of PLTS-200040) by 0.28 mK; this difference
shown in the example of guré&l Since at this temperature,increases to 1.58 mK at 0.65 K. Our results are consistent with
the Kapitza thermal resistance is very small][ we assume those of an indirect comparison made at PTB in 2006 (differing
that the thermal resistancertact between the liquid helium by less than 0.22 mK). A ne@He vapour...pressure equation
and the copper surface is negligible. Therefore, a temperatwas already proposed by Engettal (2007) [L6], which has
rise in the tube of the VPT has no effect upon the differentee same mathematical form as that of ITS-90. To take the lat-

Tgo..T2000as is clear from the graph of gurg0. est, more accurate data into account, only a slight adjustment
of the coef cients might be necessary, since the current data
4.3. Too...To0o agree very well with those ofLp]. It is hoped this work will

) ) lead to a more accurate version of the equation used for this
Table 2 displays the results of the experiments of Run 1 IPinge in ITS-90.

2019 and Run 2 in 2020. The latter exhibit a lower uncertainty

thanks to the reduced hysteresis of the MPT capacitance gauge.
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