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1 Introduction

The unit of temperature in the International System of Units (SI), the kelvin, as well as
the units of the mass, the amount of substance and the electrical current, are expected
to be redefined on the basis of fundamental constants by the general Conference of
Weights and Measures (Conférence Générale des Poids et Mesures) in 2018 [[L]. The
kelvin will be defined in terms of the Boltzmann constant superseding the definition
through temperature of the triple point of water, a material property. The correspond-
ing methods for the practical realization of the kelvin in accordance with the SI are
documented in the mise en pratique for the definition of the kelvin (MeP-K) [2]]. In its
current version the MeP-K refers only to the actual international temperature scales
in force, the ITS-90 [3] and the PLTS-2000 [4]. After the redefinition of the kelvin,
an updated version of the MeP-K will also allow primary methods for realization and
dissemination of the kelvin. To support this process and prepare the implementation
of the new MeP-K, the InK project was established within the European Metrology
Research Programme [5]]. The research reported here was part of the InK project.
For low temperatures below 1 K, the PLTS-2000 was adopted in 2000 on a pro-
visional basis because of the still unresolved discrepancy in the input data. From
1 K down to about 20 mK the agreement between the input data of the PLTS-2000
is better than 1%. Below 20 mK, however, the discrepancies between the input data
increase with decreasing temperature up to a value that is six times higher than the
individual uncertainties, reaching about 6% at 1 mK [6]]. To obtain new information
about the relation between the PLTS-2000 and thermodynamic temperature, we have
built and tested several novel designs of primary thermometers, which will also pro-
vide the necessary equipment for a future direct dissemination of the kelvin in the
low-temperature region below 1 K. The paper is organized as follows. In Section 2
we shortly describe the primary thermometers developed and provide uncertainty
budgets for the measurement of thermodynamic temperature. Section 3 gives some
information about the comparison experiments between the thermometers and the
PLTS-2000. The results are presented in Section4. A short summary concludes the

paper.

2 Primary thermometers and uncertainty budgets for thermodynamic
temperature measurements

According to the definition of the CCT Task Group for the Realization of the Kelvin a
primary thermometer is a thermometer based on a well-understood physical system,
which can be described by an explicit relation between thermodynamic temperature 7
and independent quantities without unknown or significantly temperature-dependent
constants [2]]. In absolute primary thermometry the thermodynamic temperature is
directly measured in terms of the Boltzmann constant without any reference to a tem-
perature fixed point. In relative primary thermometry the thermodynamic temperature
is measured indirectly by a primary thermometer but the values of key parameters are
determined from a temperature fixed point [2]].
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The primary thermometers we have used are based on different working princi-
ples to allow checks for possible systematic effects in the determination of thermody-
namic temperatures. Specifically, new designs of a current sensing noise thermometer
(CSNT) [7ll, a new primary magnetic field fluctuation thermometer (pMFFT) [8] and
a Coulomb blockade thermometer (CBT) [9] have been developed. Both the CSNT
and pMFFT are different variants of noise thermometers, which rely on a fundamental
law of physics, the so-called Nyquist relation, connecting the voltage fluctuations of
thermally excited electrons in a (noise) resistor to absolute temperature. At low tem-
peratures below 1 K the noise signals are so tiny that special equipment, namely dc
Superconducting Quantum Interference Devices (dc SQUIDs), is necessary to mea-
sure them. The CBT exploits a completely different measurement principle. Here, the
temperature dependent conductivity of tunnel junction arrays, which can be calcu-
lated explicitly once the junction parameters are known, is employed for temperature
measurement.

The Current Sensing Noise Thermometer In the CSNT the fluctuations of the noise
currents in the temperature sensing noise resistor are measured directly by connecting
the noise resistor to the input coil of the SQUID. The SQUID is operated in flux-
locked loop and read out by the SQUID electronics. The noise current Iy through the
noise resistor is converted to a noise voltage VN = IN(Miy, - Ry) /M at the output of the
SQUID electronics.Then, the noise voltage Vy is digitized and Fourier transformed
to obtain the power spectral density (PSD) of the noise spectrum. Finally, the noise
temperature Tcsnt is computed from the PSD. A detailed description of the CSNT
measurement set-up can be found in [7] and the references cited within. Besides the
value of the noise resistor R the parameters of the SQUID readout such as the value
of the feedback resistor Ry, the mutual inductances between the SQUID and the input
coil Mj, as well as the feedback coil My and the non-thermal noise components from
the SQUID itself mainly determine the uncertainty of the measured noise temperature
Tcsnt- The equation for calculating the temperature Tesnr is:

R M \?
Teswt = g ((Sun) ~ (5vs) (31 ) m
where (Syn) is the averaged PSD of the measured noise voltage in the limit of
zero frequency obtained from a fit to the PSD, (Sysq) is the averaged PSD of the
noise contribution from the SQUID and the SQUID electronics, and kg is the Boltz-
mann constant. Equation |1|is slightly modified from that given in [7] as the temper-
ature gradients are omitted here and considered in the uncertainty of the differences
between Tesnt and Trooo in Figure [T} Table [I] gives the uncertainty budget for the
measurement of thermodynamic temperature with the CSNT at about 20 mK.

The Primary Magnetic Field Fluctuation Thermometer In the pMFFT, the thermally
activated noise currents in the noise resistor cause fluctuating magnetic fields above
the surface of the resistor. These magnetic field fluctuations are measured using a
SQUID-based gradiometer, i.e. the noise resistor is not directly coupled to the input
coil of the SQUID. In contrast to the CSNT where only a single SQUID channel
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Table 1 Uncertainty budget for thermodynamic temperature 7csnyt measured with a CSNT at 20 mK using
anoise resistor of approximately 2 mQ. u(x;) are the standard uncertainties of the different input quantities,
urer (x;) are the corresponding relative values (coverage factor k = 1).

No. Uncertainty contribution u(x;) / mK trel (x;) 1 % rel. contribution / %
1 noise resistor R 0.137 0.68 20.55
2 PSD of thermal noise (Sy ) 0.040 0.20 1.76
3 PSD of SQUID noise (Sy,sq) 0.000 0.30 0.00
4 mutual inductance of input coil M;, 0.118 0.30 15.28
5 mutual inductance of feedback coil Mg 0.234 1.17 60.07
6 feedback resistor Ry 0.023 0.12 0.59
7 fit of PSD (Syn) 0.040 0.20 175
Tesnt /mK u(Tesnr) / mK trel (Tesnr) / %

20.00 0.30 1.51

is used for the noise measurements, the pMFFT employs two SQUID channels and
a cross-correlation technique for the noise measurement to minimize uncorrelated
non-thermal noise contributions. For the calculation of the temperature, not only the
transfer functions of the two SQUID channels have to be determined, as in the case of
the CSNT, but also the geometric dimensions of the gradiometers and their distances
to the noise resistor. The pMFFT, its working principle, a detailed uncertainty budget
and measurements of thermodynamic temperature are described in [8|]. The pMFFT
was applied in absolute primary [8] and relative primary mode as presented in this
paper, with resulting temperatures values T,mrrr and Tipmrrr, respectively. For the
measurements in relative primary mode, we have calibrated the pMFFT at a known
temperature Thggo realized according to the PLTS-2000. As the uncertainty of this
calibration temperature in relation to thermodynamic temperature is known [6]], we
can derive a thermodynamic temperature Ti,mprt from the relation of the PSDs for the
noise signals measured at the unknown and the calibration temperature T, according
to the procedure described in [10]:

2

Re (PSD (f, TrpMFFT) )
TrpMFFI‘ = ’II:al )

Re(PSD(f, Tca1))

where Re denotes the real part of the complex PSDs, f represents the frequen-
cies considered and T¢, was provided by a superconductive reference point with a
transition temperature of 0.51863(10) K calibrated against the PLTS-2000. The cor-
responding uncertainty budget for TipmprT iS given in Table that for T,mrrr in [8].

The Coulomb Blockade Thermometer In arrays of normal metal islands connected
with tunnel junctions the temperature dependent conductance is mainly governed by
single electron charging effects [11]. The magnitude of the temperature effect de-
pends on the relation between thermal energy kg7 and Coulomb charging energy
E. of the interacting electrons. The temperature measurement with the CBT consists
of the determination of the differential conductance of such an array of tunnel junc-
tions in dependence on bias voltage Vg.. The differential conductance AG normalized
against the asymptotic conductance G, at high bias voltages exhibits a dip around
zero bias, in which the full width at half minimum V) s, value of the dip is directly
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Table 2 Uncertainty budget for thermodynamic temperature 7ipmrrr measured with a pMFFT operated in
relative primary mode at 20.697 mK. u(x;) are the standard uncertainties of the different input quantities,
urer (x;) are the corresponding relative values (coverage factor k = 1).

No. Uncertainty contribution u(x;) / mK utre1 (x;) / % rel. contribution / %

1 calibration temperature ¢y 2.00-1072 0.096 3.33
in thermodynamic terms

2 calibration of the pMFFT at Ty 4.00-1073 0.019 0.13

3 feedback resistor Ry at calibration 2.40-1072 0.005 4.79

4 feedback resistor R¢ 9.57-107* 0.005 0.01

5 change of mutual inductance M; of feedback 9.57-1073 0.046 0.76
coil between Ti,; and T measurement

6 timing accuracy of AD converter at calibration 4.57-1073 0.001 0.17

7 timing accuracy of AD converter 1.88-107* 0.001 0.00

8 signal to noise ratio of cross-correlation PSD ~ 7.27-1073 0.000 0.00
at calibration

9 signal to noise ratio of cross-correlation PSD  3.24-10~* 0.002 0.00

10 ac voltage measurement at calibration 1.04-107! 0.020 90.59

11 ac voltage measurement 4.17-1073 0.020 0.14

12 number of averages at calibration 1.93-10°3 0.009 0.03

13 number of averages at 7 measurement 1.96-1073 0.009 0.03

Tpmerr / MK u(Tpmerr) / mK uret (Tipmrrr) / %0

20.697 0.109 0.53

proportional to thermodynamic temperature 7 in the limit of small charging energy
E. << kgT [11]:

5.439NkgT
V1/2 = %7 3)

where N is the number of tunnel junctions in the array in series and e is the el-
ementary charge of the electron. Alternatively, the temperature can be derived from
a calculation explicitly describing the whole conductance curve including such ef-
fects as heating of the tunneling electrons by the measurement current [12]. Two
CBTs were provided for the comparison measurements. CBT99 and CBT33 samples
contain 99 and 33 tunnel junctions in series, respectively. A description of the CBT
sample fabrication is given in [[13] and [[14]. An investigation of the uncertainty com-
ponents is discussed in [[15] and a traceable CBT measurement scheme is described in
[9]]. The uncertainty budget for thermodynamic temperature measurements with the
CBT99 is given in Table [3] The junction design of the CBT33 sample was originally
optimized for lower temperatures than that of CBT99. Therefore, CBT33 produces
a lower measurement signal level and higher uncertainty in the temperature range
covered in this work.

3 Experiments

The basic idea of the investigations was to compare directly, for the first time, differ-
ent primary low-temperature thermometers with each other and with Tpggg tempera-
tures according to the PLTS-2000.
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Table 3 Uncertainty budget for thermodynamic temperature Tcgtg99 measured with a CBT with an array
of 99 tunnel junctions at 20.83 mK. u(x;) are the standard uncertainties of the different input quantities,
urer (x;) are the corresponding relative values (coverage factor k = 1).

No. Uncertainty contribution u(x;) / mK ttrel (x;) 1 % rel. contribution / %

1 dc bias voltage Vg, due to 0.002 0.008 0.05
preamplifier calibration

2 dc bias voltage Vg, due to 0.001 0.003 0.01
preamplifier temperature dependence

3 deviation in tunnel junction resistances 0.012 0.060 2.43

4 determination of normalised differential ~ 0.029 0.139 13.1
conductance AG/G,

5 fit of charging energy E. 0.052 0.250 4221

6 Repeatability of 0.052 0.250 42.21
TcBT99 Measurements

Teproo / mK  u(Tcpreo) / mK trel (Tepro9) / %

20.83 0.082 0.40

The realization of the PLTS-2000 requires special experience, is expensive, time
consuming and was not available at each of the partners laboratories. Therefore, a su-
perconductive reference point device SRD-1000 (SRD) [16] with 5 transition points
at 21 mK, 65 mK, 93 mK, 155 mK, and 208 mK was supplied by PTB to provide a
common basis and ensure the consistency of the temperature realization in the dif-
ferent experimental environments at the partners laboratories. The SRD carries a cal-
ibration according to the PLTS-2000 with relative combined standard uncertainties
ranging from 4-10~% t0 2-1073.

Initially, comparison measurements at all laboratories were planned but finally
realized up to date only at VTT-MIKES and PTB. The first series of comparison ex-
periments was carried out at VIT-MIKES in a dry dilution refrigerator equipped with
commercial cryocables [17] for the SQUIDs of the noise thermometers and Thermo-
coax cables [18]] for the CBT. The thermometers and the SRD were mounted on a
temperature controlled platform attached to the mixing chamber of the dilution re-
frigerator. The temperature stabilization was realised by using the output signal of
the transition midpoint of the superconductive transitions of the SRD as setpoints for
a PID controller. Because of the limited number of wires installed in the cryostat,
two cool downs were performed with different configurations of thermometers in-
stalled. In the first cool down the pMFFT and the CBT99 were compared with the
Tro00 temperatures provided by SRD, whereas in a second cool down the CSNT and
the CBT33 were compared with the SRD. In the second cool down the minimum
temperature reached was above the lowest transition temperature of the SRD. There-
fore, for these thermometers the measurements of thermodynamic temperature were
carried out only at four T reference temperatures.

The second series of comparison measurements was conducted at PTB solely
between a second pMFFT operated in absolute primary mode and T»poo reference
temperatures [8]]. These measurements were also carried out in a dry dilution refriger-
ator. In this second setup, the reference temperatures Thggp were provided by another
MFFT operated in relative primary mode relying on a calibration according to the
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PLTS-2000 with an relative combined standard uncertainty of 4 - 10~*. For details of
these measurements we refer to [8]].

4 Results

The main results of measurements at VTT-MIKES are given in Table ] and shown
in Figure E} From Figure m one can see that the relative deviations from the T>ogo
values of the thermodynamic temperatures measured by the CSNT, the CBTs and the
pMFFT, operated in relative primary mode, are not randomly distributed around the
corresponding reference temperature but have systematic offsets between each other.
Therefore, to represent the measurement results in a coherent form for evaluation of
the thermodynamic consistency of the PLTS-2000, we have combined them accord-
ing to the procedure described in [[19] and applying the formulas given therein in ap-
pendix 4. Firstly, we have calculated the weighted mean values for the measurements
at each 5o reference temperature provided by the SRD. The weighting was propor-
tional to 1/u®(x;)/¥,;(1/u*(x;)), where u(x;) are the combined standard uncertainties
of the individual measurement results. Secondly, a correction for the weighted mean
and its associated uncertainty were calculated accounting for the systematic differ-
ences between the input data.The deviation of the individual temperature values from
the simple arithmetic mean at each reference temperature are larger for data with
larger individual uncertainties. Therefore, a triangular distribution for the calculation
of the correction is used. This accounts for the fact that values near the mean are more
likely than those near the end of the interval spanned by the measured temperatures
and that the number of averaged values is small [19]. Finally, the corrected weighted
mean Ty and its uncertainty u(T.wm ) were calculated. Table E] gives the values for
the individual temperature measurements obtained by each of the primary thermome-
ters at the reference temperatures 7>, the corrected weighted means 7.y, as well
as the differences Ti.wm — T2000 together with the associated combined standard uncer-
tainties for a coverage factor k = 1. The relative combined standard uncertainties for
the corrected weighted means range from 0.34% to 0.58% between 20 mK and 207
mK. The corresponding uncertainties for the relative deviations (Towm — T2000)/T2000
range from 0.50% to 0.64%.

For a complete picture of the determinations of thermodynamic temperatures be-
low 1 K obtained within the InK project, the results of the comparison measurements
at VITT-MIKES and those of the independent measurements at PTB using a second
PMFEFT [8]] are combined in Figure 2] All thermodynamic temperatures obtained by
using the different primary thermometers, CSNT, CBT and pMFFT agree very well
within their expanded uncertainties (coverage factor k = 2). The corrected weighted
means of the thermodynamic temperatures obtained at VIT-MIKES are in very close
agreement with independent measurements with the pMFFT at PTB and deviate from
the PLTS-2000 by less than 0.53% in the temperature range from 20 mK to 207 mK.
At higher temperatures up to 700 mK data sets for T — T>qgp obtained with pMFFTs
operated in relative primary mode [8l10] are in even better agreement with the PLTS-
2000 within less than £0.28%. All results taken together strongly confirm the ther-
modynamic correctness of the PLTS-2000 in the temperature range from 20 mK to



O©CoO~NOOOITA~AWNPE

8 J.Engert et al.

2L i
Y USROS AUt ESU Y I -
7 ’ w
S [ '
5 . a a4
—% :
3 I T
l\N ................................................. .
g |
= T v
| L 1 L |
100 150 200

TX/mK

Fig. 1 Relative deviations of thermodynamic temperatures Tx measured with primary thermometers
CSNT (Tcsnt), CBT (Teptg, Tept3s) and pMFFT operated in relative primary mode (Tipmrrr, calibration
at 518 mK) from reference temperatures 7T>000 according to the PLTS-2000 (open symbols). The blue full
dots correspond to corrected weighted mean values of the thermodynamic temperatures Tcwm. The cor-
responding combined standard uncertainty (coverage factor k = 1) is marked by the light-blue shadowed
area. A + 1% deviation band from 75 is show by dashed grey lines. Error bars denote combined standard
uncertainties (k = 1). For more information see text.

700 mK. The PLTS-2000 can be considered an excellent temperature scale, which is
correct in thermodynamic terms with low uncertainty over a large temperature range
usually covered by dilution refrigerators. Nevertheless, the region at the lower end
of the PLTS-2000 from 20 mK down to 0.902 mK, where the discrepancies in the
background data grow up to 6%, has to be explored further. Such experiments are
currently under way.

5 Conclusion

For the first time direct comparison measurements have been carried out between
different primary thermometers and the PLTS-2000. The measurements of thermo-
dynamic temperature were conducted at two partner laboratories and agree well with
each other within the expanded uncertainties (coverage factor k = 2). The deviation
between the new thermodynamic temperature data and the PLTS-2000 is less than
0.53% for the corrected weighted mean of the temperature measurements with the
CSNT, two CBTs and the pMFFT in the temperature range from 20 mK up to 207 mK.
In a wider range from 20 mK to 700 mK, the deviation of the thermodynamic data of
another pMFFT from the PLTS-2000 is less than 0.28%. This is an excellent confir-
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Table 4 Thermodynamic temperature data obtained from measurements at VIT-MIKES using a CSNT,
two CBTs and a pMFFT with the corrected weighted means T.wm at defined reference temperatures 72000
and the corresponding differences AT = Towm — Ta000 and AT /T = (Tewm — T2000) / Ta000- The uncertainties
u(T') are combined standard uncertainties (coverage factor k = 1).

No. Tr000 u(Tao00) Tewm W(Tewm)  ttret(Tewm) AT AT/T u(AT/T)
mK mK mK mK % mK % %

1 20.73 0.069 20.77 0.07 0.34 0.04 0.20 0.50

2 65.58 0.243 65.23 0.38 0.58 -0.35 -0.53 0.64

3 93.08 0.164 92.85 0.45 0.48 -0.23 -0.25 0.51

4 155.47 0.125 155.06 0.83 0.53 -0.41 -0.26 0.55

5 207.78 0.203 207.30 1.01 0.49 -0.48 -0.23 0.50
No. Tesnr u(Tesnr) TpMEFT u(TrpmrrT) Tceroo u(Tero9) Tcer3s u(Tcprss)
mK mK mK mK mK mK mK mK

1 - - 20.70 0.11 20.83 0.08 - -

2 65.08 1.01 65.53 0.13 65.91 0.27 64.23 0.65

3 93.74 1.43 93.07 0.15 93.71 0.45 91.70 0.95

4 156.76 2.40 155.49 0.20 156.08 0.64 152.90 1.65

5 209.35 3.20 207.87 0.26 208.64 0.95 204.65 2.34

T T T T T T T T T T T T T T T

4 - Univ. Florida

(Tx' Tzooo)/ Tzooo %

Fig. 2 Compilation of thermodynamic temperature determinations obtained in the InK project using dif-
ferent primary thermometers, a CSNT (Tcsnt), two CBTs (Tcpree, TepT3s) and a pMFFT (TipmrrT), as
relative deviations from the PLTS-2000. Shown are the same data as in Figurem plus measurements at
PTB with a pMFFT operated in absolute primary mode (7pmrrr). In addition, the relative deviations are
shown of the background data of the PLTS-2000 obtained by NIST, the University of Florida and PTB
[6]l. The grey shadowed area depicts the uncertainty of the PLTS-2000 in thermodynamic terms (coverage
factor k = 1). The dashed grey lines mark a +1% deviation band from the PLTS-2000. Error bars denote
combined standard uncertainties (k = 1).
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mation of the thermodynamic correctness of the PLTS-2000 in the temperature range
from 20 mK to 700 mK. Currently experiments are under way to extend the measure-
ments down to the lower end of the PLTS-2000 at 1 mK.
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