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Abstract
Anew cryostat for the realization of the triple-point of the argon (83.8058K), a definingfixed point of
the International Temperature Scale of 1990 (ITS-90), was acquired at ItalianNationalMetrological
Institute (INRiM). The new system,manufactured by Fluke, is intended to substitute the current
National reference, amodel developed at BNM-INM in the 1975. Themain difference between the
two system is in theway to control the temperature. In the BNM-INMdevice the temperature is
controlled adjusting the pressure of liquid nitrogen bath, in the Fluke system instead, an electrical
heater wrapped around the argon cell is used, following cryogenic practice. This paper describes the
result of the direct comparison and shows typical phase transitions obtainedwith the two argon
systems. Then, a complete uncertainty budget is evaluated for the new Fluke system and compared
with theNational standard.

1. Introduction

The triple point of argon (Ar) is one of the defining fixed points (T90= 83.8058K) of the International
Temperature Scale of 1990 (ITS-90) [1] and one of themost commonly used for the calibration of standard
platinum resistance thermometers (SPRTs). Inmost Europeanmetrology institutes its realization is still based
on the device designed byBNM-INM in 1975 [2, 3]. This system is reliable and easy to usewhich hasmade it
famous and operational all over theworld formany years although some improvements have been proposed
over time to overcome some of its inconveniences such as the influence of atmospheric-pressure variations and
the change in hydrostatic pressure [4, 5].

In recent years, various approaches to the realisation of the triple point of argon have been proposed by other
researchers [6, 7] in order to overcome the above inconveniences. Furthermore, two different systems are now
commercially available, one from Isotech and the other fromFluke.

The systemdeveloped by FlukeCorp. uses the design of the apparatus atNIST [8]. This systemhas some
advantages, such as the possibility to calibrate four long-stemSPRTs simultaneously and exhibiting a longer
plateau, thereby reducing the time for customer’s calibration.

In this paper, we present the results of a direct comparison between the argon systems fromBNM-INMand
Fluke. In table 1 is listed some technical information regarding the two devices, better described in section 2. The
main difference between them is in theway to control the temperature. In both systems, in fact, the argon cell is
immersed in a liquid nitrogen (LN2) bath and the phase transition is realized using the ‘permanent heating’
method [3] but in the BNM-INMdevice the temperature is controlled acting on the LN2pressure, while in the
Fluke systemuses an electrical heater, wrapped around the argon cell.

In section 2, we report the operating principles of the two systems and show some graphs of typical phase
transitions. In section 3, the results of the comparison are illustrated and a complete uncertainty budget is
evaluated.
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2.Methods

2.1. Ar-IMGC system
The INRiMapparatus for the realization of Ar triple-point, hereafter Ar-IMGC, is one of the early devices
produced by BNM-INM, serial number 27. It represents theNational reference for Ar and it has participated
repeatedly in international comparisons: EUROMET.T-K3 (Project 552) [9], CCTKeyComparisonCCT-K3
[10], EUROMETProject 502 [11], Regional key comparison EURAMET.T-K9 (Draft B status) andCCTKey
ComparisonCCT-K9 [12].

TheAr-IMGC system (figure 1) uses anAr cell totally immersed in a nitrogen bath, having 350mmheight
and a volume of 1 dm3. It contains 2.5moles of Arwith a nominal purity of 99.9999%produced byAir Liquid
Company [13, 14]. The internal pressure is almost 60 bar at room temperature. The performance of a complete
experiment requires roughly 50 l of LN2. The distance between the free argon level and the lower end of the
thermometer well is 75± 5mm. Further information about the design can be found in [2–4].

To start the phase transition, the temperature of the thermometric cell is set higher than the transition
temperature. The temperature of the LN2 bath is controlled by adjusting the pressure inside the cryogenic vessel
to about 200 kPa through an externalmechanical control valve. Pressurization occurs by applying a set of
weights on top of the valve.

The INRiMprocedure to realize the Ar triple-point is the following:

1. The SPRT is inserted in the cell when the system is at ambient temperature. The thermometric well is
connected to a helium gas (He) reservoir to have a positiveHeflow (p� 100 kPa) in thewell to avoidmoisture
condensation. The same flux ismaintained also during change of thermometer.

2. The dewar is then filled with liquid nitrogen.When the thermometer displays a temperature below the argon
triple point, the dewar is considered fully filledwith liquid nitrogen.

3. After filling of the dewar with liquid nitrogen and the closure of the system, one waits for about 2 h in order to
allow the pressure inside cryostat to stabilize to the optimal value.

A typical plateau is shown infigure 2. For about 5 h, the temperature is stable within 0.30mK.At times, a
better stability of order 0.05mK is obtained - as observed between the 4th and the 7th hour after the Ar system
closure. After these 5 h, temperature dropped brusquely by 30mKand changing erratically,meaning that the
system exited the plateau. Therefore, we define as ‘plateau’ the region between 2.5th and 7.5th hour. In this time,
we have a good stability of the phase transition and therefore the best period for sensor calibration.

Themaximumat the beginning of the plateau is due to the procedure for realizing the phase transition.
Indeed, by adjusting the pressure inside to the cryogenic vessel at about 200 kPa the temperature results higher
thanAr transition temperature.

2.2. Ar-Fluke system
TheAr system acquired by INRiM is themodel 5960A-EU s/nAR-60024manufactured by FlukeCorp.,
hereafter Ar-Fluke. It contains an amount of 13.3moles of Ar of high-purity grade (99.9999%), as declared by
themanufacturer, at a pressure of 1.17× 106 Pa at room temperature. TheAr gas is stored in two reservoir
cylinders with a volume of 13.4 l each [15].When the system is on the triple-point plateau, about 90%of the Ar
gas is condensed inside the central cell. The systemutilizes LN2, almost 40 l, in aDewar vessel surrounding the
Ar cell, while a thermal shield is placed between the LN2 bath and the Ar cell. The cryostat exhibits 4 re-entrant
wells that allow the calibration of four SPRTs in sequence on the same plateau. TheAr cell depth is 160mm, the

Table 1.Comparison of technical characteristics of the twoAr systems
(further information and references in section 2).

Technical characteristics Ar-IMGC Ar-Fluke

Ar quantity 2.5moles 13.3moles

Ar purity 99.9999% 99.9999%

Ar pressure at room

temperature

6× 10^6 Pa 1.17× 10^6 Pa

Liquid nitrogen required 50 l 40 l

Height of Ar solid–liquid

interface

75mm 160mm

Temperature control By pressure Electrical heater
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inside diameter of the re-entrant wells is 8mm. The characteristics of the cryostat and theworking principles are
illustrated in [15].

Themain structure of the triple-point-of-argon system is shown in figure 3 [15]. A temperature controller is
usedwith a sensor attached on the inside surface of the heater shield to control its temperature. This way the
plateau is achievedwithout using pressure controls (the pressure during the operation is always kept constant)
unlike the Ar-IMGC system.

He gas is used as exchange gas to improve heat transfer between the re-entrant wells and the SPRTs and also
between the Ar cell and the heating shield. Additionally, during the insertion of SPRTs, theHe gasflows through
the re-entrant wells to avoid air to enter the re-entrant wells. Silicon rubberO-rings are used to seal the re-
entrant wells with their SPRT fromambient.

The procedure for triple-point realization in the usermanual prescribes that, each time the system is used, it
is pumped downusing a vacuumpump to purge all latent gases ormoisture, and thenfilled, at room
temperature, with freshHe gas up to approximately 34.5 kPa. TheHe pressure is adjusted before the phase
transition realization in order to compensate for the variation in temperature. The second step is tofill the
systemwith LN2 one day in advance in order to freeze thewhole system. It takes about eight hours for theAr cell
to be completely frozen into the central cell and the temperature to equilibrate to LN2 temperature (−196.7 °C).
As the third step, the shield temperature is set to− 188 °C for about 1 h to pre-melt the outer layer of theAr cell
allowing to obtain a stable andflat triple-point plateau. In the fourth step, the Ar system temperature is lowered
to amaintenance temperature at−189.312 °C, i.e. 32mKhigher than the triple-point of Ar (including
compensation for controller off-set).

Figure 4 shows anAr plateau obtainedwith the Fluke system. The long durationwas achievedwith daily
nitrogen refilling (downwards peaks in the figure). Apart from the unusual overall noise during this particular

Figure 1.TheAr triple point apparatus [4]. (1)manometer, (2)flange, (3) LN2 outlet, (4) feedthroughs, (5) box for thermometer
leads, (6) thermometer well, (7)pressure valve, (9) LN2 inlet, (11) dewar insulation. Reproducedwith permission from [4].
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transition, the plateau is stable within 0.10mK formore than 10 h, and an even better stability is obtained for
smaller time intervals.

The possibility to re-fill the cryostat with LN2 during phase transitionwithout inducing amajor
perturbation in temperature (the system is able to compensate the variation in a fewminutes) increases the
plateau duration, especially in comparisonwith theAr-IMGC system.

2.3. Comparisonmethod
In order to compare the performance of the new argon system, Ar-Fluke, with the national standard, Ar-IMGC,
an internal comparison, was organized. The datawere takenwith a 25.5Ω long-stem SPRT,Hart Scientific
model 1283, normally used as the lab check thermometer for the Ar triple-point. A Standard Resistance bridge

Figure 2.Ar-IMGCplateau recorded on 13 January 2021. In the insert, thewhole phase transition. Recording starts immediately after
the closure of the system.

Figure 3. Schematic drawing of the triple-point-of-argon system. Reproducedwith permission from [15].

4
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ASL F18was used to read the data. The reference resistance employedwith the bridgewas a 100ΩTinsleymodel
5685A enclosed in its thermal case. Unfortunately, the non-optimal choice of this reference resistor caused a loss
in bridge resolution of one order ofmagnitude.

The comparison ran in two assessment rounds, the first in January 2021 and the second in January 2022. The
same thermometer was used during both rounds. The only difference was in the realization sequence of the
plateaus. In the first round, oneAr systemwas used per day, so, the first day of the comparison the plateauwas
induced inAr-IMGC, the second day inAr-Fluke, and so on. In total, 4 plateaus were recorded, two for each
system, and during each plateau, the SPRT resistancewas determined several times on plateau.

In the second round instead, the plateaus were induced in the two cells at the same time switching quickly
fromone argon system to the other. Four plateaus were performed in both systems in 4 different days. During
each plateau, the resistance of the SPRTwas determined several times for each cell, alternating the two cells in
measurement.

Themeasurement current was 2mA and the self-heating effect was determined switching the current to
2.83mA. The results given here are fully corrected for thermometer self-heating and for immersion depth. The
hydrostatic correction is equal to−0.000019Ω (0.19mK) for Ar-IMGC and equal to−0.00005Ω (0.5mK) for
Ar-Fluke. This correctionwas calculated considering a distance between the free level of the Ar and the lower
end of the thermometer well of 7.5 cm for Ar-IMGC and 16 cm for Ar-Fluke system,while the distance between
the center of the sensing element and the lower end of thermometric well is 2.3 cm.

3. Results and discussion

3.1. Recorded plateaus during comparison
Figure 5 shows the plateau recorded for theAr-IMGC systemon the second day, 20 January 2021. Thewhole
phase transitionwas recorded and the breaks in the graph correspond to the determination of the zero-current
resistance (R0) values used for the comparison of the two systems. Thefirst value ofR0 was not considered for the
comparison because the transitionwas not stable yet. The plateauwas stopped at the fifth hour, and the
maximumvariation in the daywas about 0.4mK.

Figure 6 shows another plateauwith Ar-IMGC recorded during the second round of assessment, 20 January
2022 (9th day).We followed the beginning of plateau and then stopped recording tomake the first
determination of the day, then the same SPRTwasmoved toAr-Fluke and then back tomake the second
determination followed by the end of the transition. Also in this case, themaximumvariability of the plateau,
between the 2.5 and 7.5 h, is about 0.35mK.

This plateauwas recorded one year after those offigures 2 and 5, so the (absolute) differences inR0 could be
due to thermometer drift.

Figures 7 and 8 show similar graphs asfigures 5 and 6, but for the Ar-Fluke system. Figure 7 gives the results
from the first assessment round. Thewhole plateauwas recordedwith SPRTHart 1283where the breaks are due
to theR0 determinations (3 values on 21 January 2021).

Figure 4.AnAr-Fluke plateau, recorded on 22November 2022. The record starts when themelting temperature is settled.
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The graph infigure 8 insteadwas recordedwith another thermometer: SPRT 25.5Ωmodel 1218 long stem
fromHart Scientific, kept in one of the free wells. A system fromMeasurement International, type 6010 B,
performed the recording. In fact, during the second round of the assessment the SPRTHart 1283wasmoved

Figure 5.Triple-point plateau for Ar-IMGC, recorded on 20 January 2021. The record starts 1 h after the closure of the system.

Figure 6.Triple-point plateau for Ar-IMGC.Data recorded 20 January 2022. The record starts immediately after the closure of the
system.

Figure 7.Triple-point plateau for Ar-Fluke. Data recorded 21 January 2021. The record starts 30 min after settling of themelting
temperature.

6
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fromoneAr system to another tomake theR0 determinations. The two spikes in the graph are due to
perturbation of theAr-Fluke system temperature due to the insertion and removal of the SPRTHart 1283. The
determination ofR0, for the comparison, was performed during this interval. The use of another thermometer
does not influence the comparison results significantly because this graph serves only to visualize the transition
trend, to see the noise level and/or possible perturbations in the plateau.

3.2. ComparisonAr-Fluke versusAr-IMGC
Table 2 reports all results of the comparison: column 1 gives the day ofmeasurement, column 2 the progressive
day number (tomake the graphs easier to read), and column 4 theR0 for each system.Columns 5 and 6 report
the difference betweenAr-Fluke andAr-IMGC, both in resistance (ΔR0) and in temperature (ΔT), respectively.
The differences are evaluated, in the first round, as themean value between data recorded in consecutive days,
while in the second round as themean difference between data recorded in the same day. Finally, themean
valueswere calculated.

The transition temperature for Ar-Fluke is, on average, 0.26mK lower than for Ar-IMGCwith a (purely
statistical) standard deviation of 0.07mK.

Figure 8.Triple-point plateau for Ar-Fluke. Data recorded 19 January 2022 by SPRTHart 1218. The record starts when themelting
temperature is settled.

Table 2.Results of the comparison betweenAr-Fluke andAr-IMGC.

Data Day number Ar system R0 (Ω) ΔR0 Fluke-IMGC (μΩ) ΔT Fluke-IMGC (mK)

19-Jan-21 1 Ar-Fluke 5.51884 −37.9 −0.35

19-Jan-21 1 Ar-Fluke 5.518843

20-Jan-21 2 Ar-IMGC 5.518893

20-Jan-21 2 Ar-IMGC 5.518872 −29.2 −0.27

20-Jan-21 2 Ar-IMGC 5.518873

21-Jan-21 3 Ar-Fluke 5.518839

21-Jan-21 3 Ar-Fluke 5.518846

21-Jan-21 3 Ar-Fluke 5.518841

22-Jan-21 4 Ar-IMGC 5.518847

13-Jan-22 5 Ar-IMGC 5.518873 −19.2 −0.17

14-Jan-22 6 Ar-IMGC 5.518909

14-Jan-22 6 Ar-Fluke 5.518883

14-Jan-22 6 Ar-IMGC 5.518923

18-Jan-22 7 Ar-IMGC 5.518892 −36.4 −0.33

18-Jan-22 7 Ar-Fluke 5.518868

18-Jan-22 7 Ar-IMGC 5.518917

19-Jan-22 8 Ar-IMGC 5.518904 −23.8 −0.22

19-Jan-22 8 Ar-Fluke 5.51888

20-Jan-22 9 Ar-IMGC 5.518901 −21.9 −0.20

20-Jan-22 9 Ar-Fluke 5.518879

20-Jan-22 9 Ar-IMGC 5.518901

Mean −28.06 −0.26
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Agraph ofR0 is given also infigure 9. It shows a shift in data recorded in the second round of assessment.
This general increase in resistance is attributed to thermometer drift (no check at the triple point of water).

Figure 10 reports the difference in transition temperature betweenAr-Fluke andAr-IMGC, obtained from
themeasurements carried out during the comparison (column 6 table 2).

3.3. Uncertainty budget
In this section, three different uncertainty budgets are evaluated: one pertaining to the triple-point realization
with eachAr system and the uncertainty of the comparison.

Table 3 reports the complete uncertainty budget for the realization of the Ar triple-point with the two
systems.

Thefirst block (‘Cell’) is related to those items pertaining to the cell only, it includes the following terms:

• Themain item ‘Impurities’ accounts for temperature change due to the presence of impurities in the argon
gas. It is equal for the two systems having the same nominal purity grade.

• ‘Variability of the plateau realization’: accounts for the differences between the fixed-point temperature
evaluated from repeated plateaus. It is the standard deviation, converted in temperature, of all R0 values
recorded–for each system - during the comparison, with the same SPRT.

• ‘Hydrostatic head’ accounts for the hydrostatic pressure effect on the equilibrium temperatures, considering
only the vertical dimensions, with an overall uncertainty of 0.8 cm.

Figure 9.Zero current resistancemeasured during each day of the comparison.

Figure 10.Difference in transition temperature betweenAr-Fluke andAr-IMGC systems. The x-axis represents the progressive
measurement sample.
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• ‘Heatflux’ termwas obtained from the temperature changewhen temporarily increasing the cryostat
temperature while on plateau.

• ‘Slope of the plateau’ is the uncertainty component linked to the variation of temperaturemeasured during a
day long comparison. In otherwords, it is themean difference, for each system, between the first and the last
measurement on the same day. A rectangular probability distribution is assumed.

• ‘Re-entrant wells consistency’ is linked to temperature inhomogeneity between thermometer walls. It was
evaluated only for Ar-Fluke having 4wells. The SPRTwasmoved betweenwells on the same plateau.

The second block, ‘ResistanceMeasurement’, reports the terms related to the determination of resistance:

• ‘Bridge’ includes all terms linked to the bridge (resolution, accuracy, non-linearity, ACquadrature). The terms
are the same because in both cases the sameASL F18Resistance Bridgewas used.

• ‘Reference resistor stability’ considers the effects of slight temperature variations of the standard resistor. It is
equal for both systems.

Table 3.Uncertainty budget for the realization of the Ar triple-point with
theAr-IMGC andAr-Fluke systems.

Source of uncertainty

Contribution to the com-

bined standard uncer-

tainty/mK

Ar-IMGC Ar-Fluke

Cell:

Chemical impurities (type B) 0.028 0.028

Variability in plateau realization (type A) 0.23 0.177

Hydrostatic head (type B) 0.016 0.016

Heatflux (type B) 0.115 0.015

Slope of plateau (type B) 0.112 0.045

Re-entrantwells consistency (B) 0 0.098

ResistanceMeasurement:

Bridge (type A) 0.042 0.042

Reference resistor stability (type A) 0.054 0.054

Thermometer Self-heating (type B) 0.022 0.022

Electrical noise (type A) 0.029 0.058

Combined standard uncer-

tainty, (k= 1)
0.29 0.23

Expanded uncertainty, (k= 2) 0.58 0.46

Table 4.Uncertainty budget for the comparison of the Ar systems.

Source of uncertainty

Contribution to the combined

standard uncertainty /mK

Standard deviation of the

comparison

0.07

Variability in plateau

realization

0.23

Bridge repeatability 0.016

Reference resistor stability 0.054

Thermometer Self-heating 0.022

Electrical noise(type A) 0.058

Combined standard uncer-

tainty, (k= 1)
0.25

Expanded uncer-

tainty, (k= 2)
0.51
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• ‘Thermometer self-heating’ term reflects the uncertainty in the extrapolation of the SPRT resistance to zero
current.

• ‘Electrical noise’ term considers the noise present while on plateau.

Based on these calculations, the Ar-Fluke systempresents only a slightly smaller expanded uncertainty for
the Ar triple-point realization.

Regarding the direct comparison of the twoAr systems, its expanded uncertainty is evaluated equal as
0.51mK, see table 4. This relatively high value ismainly due to the higher variability of the Ar-IMGCplateaus.

4. Conclusions

Anew cryostat, Ar-Fluke, was acquired at INRiM for the ITS-90 realization of the triple-point of Ar and it was
comparedwith theNational standard, Ar-IMGC. The new cryostat presents a different working principle
compared toAr-IMGC: the temperature is controlled by an electrical heater, following cryogenic practice,
instead of acting on the LN2 pressure. The newdesign allows some important advantages in comparisonwith
the older system: longer phase transition plateaus and reduced customer’s calibration time, due to 4 re-entrant
walls for calibration of several SPRTs on the same plateau.

TheAr-Fluke temperature is, on average, 0.26mK lower than that Ar-IMGC,with an expanded uncertainty
of the comparison equal to 0.51mK (k= 2). Therefore, the difference beingwell within the uncertainty, two
systemsmeasure essentially the sameAr triple point temperature. The uncertainty in Ar-triple point realization
is slightly smaller for Ar-Fluke (U= 0.46mK) than for Ar-IMGC (U= 0.58mK).

The predominant contribution to the uncertainty in the difference is due to the variability of the Ar-IMGC
system. This could be attributed to the influence of atmospheric-pressure variations or heatflux variations along
thermometric well, as pointed out by other authors [3–5].

The next step is to participate in an international comparison in order to confirm theAr-Fluke uncertainty
budget and substitute the national standard for the Ar triple-point realization.
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