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Report on Development of SRD Technology

1. Executive Summary

This report describes the results of a project to develop SRD technology. The aim of
the project is to acquire knowledge on how to produce Superconductive Reference
Devices, SRDs. The devices are intended to provide users with the means to generate
10 calibrated reference temperatures between 10 mK and 1200 mK on the PLTS-
2000, the Provisional Low Temperature Scale from 0.9 mK to 1 K [1]. In the SRDs,
the sharp transition from superconducting to normal state of a set of metal samples is
detected and used to establish reference temperatures for the scale. The transitions are
measured using a mutual inductance technique, which detects the change of magnetic
flux through the samples.

Experience with the former SRM 767 and SRM 768 devices produced by NIST [2, 3]
followed by further metrological research [4, 5], has shown that the transitions of bulk
metal samples are a very useful and accurate direct means of providing traceable
thermometry below 1 K. These SRMs are no longer available. The new device,
referred to as SRD1000, is intended as a follow-up to the SRMs and will support the
dissemination of the PLTS-2000. Compared with the previous devices the SRD1000
will contain many novel design features for a highly accurate realisation of the
reference temperatures. Five prototypes of the SRD1000 were to be built and
calibrated during the project to acquire sufficient experience with such devices.

The development project was carried out by a Dutch consortium, of which each
member had its specific tasks:

HDL overall development of the devices, detectors, materials and electronics
LION development of preparation procedures for bulk reference materials
NMi-VSL  development of a PLTS-2000 calibration facility

uT development of a planar flux detector, study on thin-film materials

The project was broken down into several main tasks, each with its specific goal, set
of activities and outputs. Details of the results of these tasks are described in the
Sections 2 to 6 of this report.

e Design review (Section 2): the technical goals of the development and
specifications of the various activities were defined,;

e Research on the reference materials (Section 3): ten types of reference
materials were selected and various batches of samples were prepared, tested and
evaluated; this task resulted in knowledge on the sample production processes;
batches of samples qualified for the prototype SRDs were produced;

e Development of the SRD1000 sensor (Section 4): this task resulted in a proven
design of a novel planar detector system, sensor housing and shields for mutual
inductance measurement on samples of the reference materials to detect the
transitions; components for five sets of SRD sensors were produced,;

e Development of the SRD1000 electronics (Section 5): this task resulted in a
proven design of a novel mutual inductance measurement system and related



Report on Development of SRD Technology

electronics tools dedicated to highly accurate realisation of the transition
temperatures of the samples; five sets of electronics were produced,;

e Assembly, calibration and dissemination of SRDs (Section 6): a low
temperature calibration facility was constructed and tested; five prototype SRDs
were assembled, each supporting ten reference temperatures; they were calibrated
against the PLTS-2000, together with their related measurement electronics.

With respect to the planning, a considerable overrun in time and cost occurred while
carrying out the project. This was mainly caused by having to solve unexpected
problems in preparing the reference materials. Many trials were needed to produce
batches, which showed transitions of sufficient quality to suffice the requirement on
the reference temperatures. In the end, sufficient good quality material was available
for the first prototypes. However, the sample preparation processes need some
additional development in order to be able to manufacture a next series of SRDs of
equal or better quality. Other delays were caused by the modifications needed to the
calibrated set-up to reach sufficiently low temperatures and to finalize the design
parameters of the electronics.

The development resulted in five sets of calibrated prototype SRD1000 sensors and
measurement electronics. Each prototype sensor contained ten reference materials
with clear superconductive transitions along the PLTS-2000.

Analysis of the calibration data of these prototypes shows that the relative uncertainty
in the realization of the reference temperatures resulting from the combined
uncertainties of the SRD1000 instrumentation and the calibration set-up, ranges
between 0.9 % at 15 mK to less than 0.1 % at 1 K. This meets the requirements on the
reference temperatures to support and disseminate the PLTS-2000, given the
uncertainty of the scale.

In a subsequent development phase the prototypes will be sent to other partners of the
project for a metrological evaluation of their performance.

At various relevant conferences and symposia, the consortium reported on the status
and results of the development in several papers, posters and oral presentations, see
references [9] to [14]. This resulted in a positive response from the market. Already
some 20 institutes and companies (15 in Europe, 3 in the USA and 2 in Japan)
expressed their interest and the intention of buying the SRD1000.

After the evaluation of the prototypes, HDL will start commercial exploitation by
developing a small pilot series of devices and electronics in cooperation with the
present project partners NMi-VSL, LION and others. Meanwhile production and sales
strategies will be explored and agreements for cooperation will be made. Based on a
first estimate of the market, sales are expected of at least 15 sets of SRD1000 and
electronics each year for the coming 10 to 15 years.
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2. Design review

The goal of the SRD technology development is to acquire knowledge on how to
produce a device that enables users to establish reference points for the PLTS-2000.
During a design review it was decided to build a set of five prototype devices, based
on the proven concept of the former SRM 767 and SRM 768 devices [2, 3]. In such
devices the superconducting to normal transition of a set of metal samples is used to
establish reference temperatures for the temperature scale.

The transitions are measured using a mutual inductance technique, which detects the
change of magnetic flux through the samples. Figure 1 shows the output signal of the
proposed SRD1000 sensor as a function of temperature. The superconductive
transition is recorded while the temperature rises in small steps. The output signal V
increases from Vs in the superconducting state to Vy in the normal state and Vy - Vs =
AV. The reference temperature Tc of the transition is defined as the temperature at
which 50% of the transition is completed, so at a signal voltage V = Vs + 0.5 AV. The
width W¢ of the transition is defined as the temperature interval for 80% of the
transition: We = T(Vy - 0.1 AV) = T(Vs + 0.1 AV).
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FIGURE 1. Definition of the Tc and W¢ of a superconductive transition

It was decided that the SRD1000 prototypes should have at least 10 reference points
to support the PLTS-2000 with determination uncertainty at least smaller than the
uncertainty of the scale. Figure 2 shows the arrangement of the reference points along
the scale. The new device combines the arrangement of points in the SRM 767 (3 of
the 5 samples) and SRM 768 devices, and provides two additional points between 20
mK and 100 mK.

To detect the transitions, a mutual inductance coil system had to be developed which
a) enables a good signal-to-noise ratio despite the use of small samples, b) allows a
good thermal contact with the samples and ¢) minimizes the detection of spurious
signals from the vicinity of the samples. It was decided to develop a novel planar
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micro-coil system together with dedicated measurement electronics to detect the
transitions, assuming that this would ensure a high accuracy when the reference points
are reproduced.

m  SRD1000
® SRM 768
SRM 767
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T [mK]

FIGURE 2. Arrangement of the reference temperatures for the SRD1000 and for the
former NIST SRM 768 and SRM 767 devices.

3. Research on reference materials

3.1. Bulk materials

Several batches of the reference materials were prepared, shaped and tested. Like in
the SRM 767 and SRM 768, samples of W, Ir, AuAl,, Auln,, Cd, Zn and Al were
tried for the reference points with T¢ = 15, 100, 160, 208, 520 1200 mK respectively.
Furthermore alloys of Ir73Rhy7, IrggRh2, and Irg;Rhgg were tested for their suitability to
provide reference points in the temperature region between 15 mK and 100 mK, thus
omitting the poisonous Be (T¢ = 20 mK) which was used in the SRM 768.

Many trials with various preparation processes were needed to produce samples,
which showed transitions of sufficient quality to meet the requirements on the
reference temperatures. This resulted in a considerable overrun in time and costs in
comparison with the original planning of the project.

A selection was made of samples of ten materials to be included in the prototype
devices. It was decided to use Be instead of the Irz3Rh,; to establish a reference point
near 20 mK in the prototypes. The Be samples require Al spot welds to reduce
supercooling, and precautions are necessary while handling due to its toxicity. But
when careful preparations are made, the transitions of the Be samples are far superior
compared with those of the Ir;3Rh,7 samples. The transition widths observed for Zn
and Cd are much larger than what might be expected from samples of single crystals.
Despite many efforts, the quality of Zn and Cd transitions could not be improved.
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During a subsequent development of a pilot series, more efforts will be made to find a

solution.

TABLE 1. Materials selected for the prototypes, their specifications, the minimum and maximum values found for
the transition temperature T, the transition width W¢ and the related uncertainty AT /T¢ of the determination of
Tc. The transition width in typical SRM 767 and SRM 768 devices is listed as well.

Selected
Material

Specification and sample preparation

Te
[mK]

We
[mK]

ATc/Te
[%6]

Typical W¢
in SRM
7671768
[mK]

4N single crystal ¥ spark cut to 3x3x0.2
mm sample, all sides polished and rounded
off, Al spot weld on top of sample to
reduce supercooling, ultrasonically cleaned
in acetone and alcohol

15.0-15.2

0.1-0.6

0.05-0.3

0.7

Be

2N8 foil 2 sheet cut to 3x1.5 mm sample,
ultrasonically cleaned in acetone and
alcohol, Al spot weld on top of sample to
reduce supercooling

20.8-22.0

0.08-0.8

0.01-01

0.2

IrgoRhyg

Irnghog

4N5 Ir powder ? and 4N Rh powder 2
mixed to proper ratio, arc melted to form
droplet-shaped sample, annealed for one
week in arc melt furnace close to melting
point, spark cut to 3x1.5x0.5 mm sample,
all sides polished and rounded off,
ultrasonically cleaned in acetone and
alcohol

32.1-323

06-1

0.02-0.03

65.5-66.1

05-0.9

0.02 - 0.03

melt 4N5 Ir powder ? to form droplet
shaped sample, spark cut to 3x1.5x0.5 mm
sample, all sides polished and rounded off,
ultrasonically cleaned in acetone and
alcohol

94 -99

04-1

0.03-0.08

0.8

AuAl,

5N4 Au powder 2 and 5N Al powder 9 arc
melted to form a seed crystal, single
crystal is grown in tri-arc furnace using
seed crystal, spark cut to 3x1.5x0.5 mm
sample, all sides polished and rounded off,
ultrasonically cleaned in acetone and
alcohol

160.8 - 160.9

05-17

0.01-0.03

0.3

Auln,

6N Au powder ¥ and 6N In powder ® Au
arc melted to form a seed crystal, single
crystal is grown in tri-arc furnace using
seed crystal, spark cut to 3x1.5x0.5 mm
sample, all sides polished and rounded off,
ultrasonically cleaned in acetone and
alcohol

208 - 211

0.7-94

0.007 - 0.1

0.4

Cd

6N shot ? melted and annealed to single
crystal, spark cut to 3x3x0.2 mm sample,
ultrasonically cleaned in acetone and
alcohol

516 - 518

8.7-17

0.05-0.1

2.5

Zn

6N shot ¥ melted and annealed to single
crystal, spark cut to 3x3x0.2 mm sample,
ultrasonically cleaned in acetone and
alcohol

844 - 845

59-14

0.03 - 0.07

8.4

Al

5N5 foil 2 sample cut to 5x3 mm,
ultrasonically cleaned in acetone and
alcohol

1165 - 1166

35-8

0.01-0.03

2.6

D Goodfellow, ? Alfa Aesar, ® Cominco, ¥ Kawecki Biliton; 4N, 2N8, 4N5, etc. refer to nominal

purities of 99.99 %, 99.8 % and 99.995 % respectively
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Table 1 gives an overview of the finally selected materials and their specifications.
The characteristics of the preparation of the samples are indicated. The table also
gives the minimum and maximum values observed for a) the transition temperature
Tc, b) the transition width W¢, and c) the related uncertainty ATc/Tc of the
determination of T¢ within a test run. This uncertainty is derived from the width and
the step height of a transition in relation to the noise of the detection electronics (see
also Section 6.4). The W¢ in typical SRM 767 and SRM 768 devices is listed as well.

Typical transitions of samples of the selected materials are shown in the Appendix of
this report. A summary of the results of the measurements on all samples produced
during the project is presented at the website: http://www.xs4all.nl/~hdleiden/srd1000

For most prototype samples, the estimated uncertainty in the determination obtained is
better than the standard uncertainty of the PLTS-2000 in thermodynamic terms, which
is 0.5 mK down to 500 mK, 0.2 mK at 100 mK and 0.3 % of T at 25 mK.

At present, the quantity of good quality samples of some materials is rather limited. In
order to be able to produce a next series of SRDs of equal or better quality, a further
development is required of the processes for sample preparation.

3.2. Film materials

A survey of multi-layers as reference materials was made to find stable reference
points between 200 mK and 500 mK. Ti/Au and Mo/Au bi-layers were selected for
further research.

A set of thin film samples of these materials was prepared using a laser deposition
technique. No superconductivity could be detected using the inductive measurement
technique of the SRDs.

A further study on the relation between the thickness of thin superconducting layers
and the transition temperature revealed that layers much thinner than the penetration
depth effectively screen the flux in a mutual inductance experiment and that
superconductivity should have been detected. This means that most likely during
laser deposition the background pressure influences dramatically the forming of
superconducting layers from Ti and Mo due to reaction processes most probably with
oxygen.

Other deposition techniques like sputter deposition should therefore be used to
fabricate appropriate bi-layers.

4. Development of the SRD1000 sensor

Figure 3 gives an example of a SRD1000 test sensor, showing the main features of the
developed device with detection circuitry for the transitions. The sensor is thermally
connected to the experimental region of a cryogenic cooling system for thermometry
measurements.


http://www.xs4all.nl/~hdleiden/srd1000
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The SRD1000 uses a mutual inductance system consisting of planar niobium micro-
coils (al) to detect the superconducting to normal transitions of the reference samples.
The samples are directly attached to this detecting system (a2).

The detector and samples are thermally connected to a gold-plated copper holder (b1
is without and b2 is with detector).

A magnetic shield (c) surrounds the copper holder, consisting of a Cryoperm outer
shield and a niobium inner shield. It reduces ambient magnetic fields by a factor of
500 or more.

The geometry of the planar coil system allows miniaturization of the total SRD1000
sensor. The sensor may hold up to 12 reference samples and an optional CMN
thermometer in a volume of less than & 10 mm and 50 mm length (d).

Furthermore, the planar detector behaves like an ideal mutual inductance with
minimal coupling to the copper holder, resulting in a sensor output that is almost
independent of temperature at temperatures between the reference points. The
geometry also allows a short thermal path between the samples and copper holder.

63 mm

FIGURE 3. SRD1000 test sensor, which consists of two planar detector systems
(al); on each detector five samples are attached (a2); a gold plated copper holder (b1)
carries the detector systems (b2); and magnetic shielding (Cryoperm and niobium)
surrounds the copper holder (c); the sensor is small enough to fit in most cryogenic
applications (d)
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5. Development of the SRD1000 electronics

5.1. Mutual inductance measurement system

Figure 4 shows the main unit of the room-temperature electronics MIDS-10 that was
developed to measure the mutual inductance of the SRD1000. A primary AC current
of 50 YWAerr and 976.5 Hz is applied to the sensor, resulting in an AC measurement
field of about 0.3 uTerr at the samples. This selection of frequency and current results
in a good signal-to-noise ratio for all transitions, while at the same time a very low
self-heating of the sensor and a minimal shift of the T¢ values is accomplished.

mutual inductance detection system

FIGURE 4. The MIDS-10 main unit of the SRD1000 electronics

The electronics provides a DC output signal proportional to the mutual inductance of
the sensor; see Figure 5. Once set, the system does not need any adjustments from the
operator to measure all ten transitions. The steps in the staircase function shown in the
figure are located at the transition temperatures. For intermediate temperatures, the
output voltage level indicates the temperature zone of the sensor.

L S 'AI i
0.85 - cd Zn
o
0.80 + r .
> ;
~ I r~ Auln
© 075} r— 2 -
£ | i AuAl
E 0.70 + FJI i
% 0.65 - I " |
5 _ , Ir _Rh _
o l 92 08
5 0.60 Be —
o | r J
055 | WJ"J IrBORhZO _
10 100 1000
T/ mK

FIGURE 5. MIDS-10 output signal as a function of the temperature (example for
SRD1000 prototype no. 004); the transitions of the ten reference materials are
indicated
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The circuitries of the current source, amplifiers and AC detector of the electronics are
balanced and designed for ultra-low noise operation, enabling a high stability of the
output signal (better than 50 ppm/°C) and an excellent immunity from external
interferences. The signal-to-noise ratio ranges from about 20 for the W transition to
about 200 for the Ir transition.

Five prototypes of the mutual inductance measurement system were constructed,
calibrated and tested. Analysis showed that the prototypes enable a high accuracy
determination of the SRD1000 transitions. The uncertainty in the determination of Tc
due to instrumentation uncertainty (transition width, detector signal-to-noise ratio etc.)
is expected to be smaller than 0.1% of the temperature reading for most samples (see
also Table 4)

5.2. Electronic tools for minimizing residual fields near the samples

Magnetic fields shift the T¢ values of the reference samples downwards. Tabel 2
shows the estimated values for the shift dT¢/ dB.

Table 2. Estimated field dependence of
the reference temperatures
# material Tc dTc/dB
[mK] [mK/uT]
1 w 15 -0.09
2 Be 22 -0.09
3 IrgoRh2o 35 -0.01
4 Irg2Rhog 62 -0.01
5 Ir 100 -0.05
6 AuAl, 160 -0.13
7 Auln; 208 -0.08
8 Cd 520 -0.1
9 Zn 850 -0.09
10 Al 1200 -0.06

Two types of electronic tools were developed to minimise and check for residual

fields inside the Cryoperm / niobium shielding near the samples:

1) DCS-10: an AC current source with a coil to degauss the Cryoperm shielding at
room temperature before the start of the measurements;

2) ACS-10: a high-precision adjustable DC current source to generate magnetic fields
inside the shielding at low temperatures.

Figure 6a gives the shielding and field configuration of the SRD1000. The DC current
of the ACS-10 can be directed through a compensation coil surrounding the samples to
check or compensate for field components in the Z-direction. When the current is
superimposed on the AC primary current of the SRD detectors, one can also check for
field components in the X, Y plane. Because of its very low capacitive impedance and
stability the DC current source does not influence the SRD signal quality.

Figure 6b illustrates the analysis of the residual field using the DC current source. For
a specific transition, one determines Tc as a function of an additional DC current Ipc
through the compensation coil or the primary coil. At the maximum of T¢(Ipc), one
will find the optimal setting for the compensation current. Using the coil constant of
the compensation coil B/Ipc = 0.012 T/A for the compensation coil or B/lpc = 0.006
T/A for the detector coil, one can also estimate the residual field value at the sample.

10
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Cryoperm cylinder shield
Niobium shield
Compensation coil

Tc

SRD copper body

EEEN

SRD detector coil on chip

Idc

T optimal setting
a) b)

FIGURE 6. a) shielding and field configurations of the SRD1000 , b) T¢ of a sample
versus a DC current Ipc in the detector or compensation coil

6. Assembly, calibration and dissemination of SRDs

6.1. Calibration set-up

A set-up was developed which enables an ultra-low temperature calibration of four
SRDs at a time. The SRDs are attached to a copper comparator block containing the
necessary thermometers to support thermometry see Figure 7: a *He melting-pressure
thermometer (MCT), SRM 768 device #58, a SRM 767 device, a RhFe standard
thermometer, Speer carbon and RuO; resistance thermometers. The comparator block
Is connected to the mixing chamber of the dilution refrigerator. All sensors are
connected to dedicated measuring equipment. Temperature control and data collection
is achieved by a LabView control program.

The residual fields inside the degaussed magnetic shielding of the devices were
checked using the AuAl, transition and the procedure as described in Section 5.2. The
residual fields appeared to be less than about 0.2 uT and thus the shifts of T¢ were
considered small enough to be neglected.

The PLTS-2000 is realized from 10 mK to 1 K by operating the MCT, which was
developed by PTB [6, 7]. At the start of each calibration run, the capacitive pressure
transducer in the MCT is calibrated by using six reference points: the minimum of
*He melting pressure curve at 315.24 mK and the superconductive transitions of W,
Be, Ir, AuAl, and Auln; provided by the SRM 768 device #58, which was previously
calibrated by PTB [8].

To record a transition the temperature is increased in discrete steps. Each transition is
recorded in at least ten temperature steps. After each step and before a measurement,
an interval of at least 5 minutes is taken to ensure thermal equilibrium between the
SRDs, the MCT and other thermometers. Later, the transitions are also recorded while
the temperature is decreased in order to check for hysteresis.

11
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SRM767

comparator

FIGURE 7. The calibration set-up

6.2. Calibration results

Five prototype SRDs (# 003, 004, 005, 006, 007) were assembled and calibrated
during ULT test runs 10 and 11. Table 3 gives the Tc and W¢ values of the transitions.
None of the transitions showed hysteresis. In some prototypes, the AuAl, and Auln;
samples have been replaced by other samples of the same materials before the
evaluation of the prototypes by other partners.

TABLE 3. Summary of the calibration results of calibration runs 10 and 11

# | material | SRD003 (run 10) SRDO04 (run 11) SRDO05 (run 10) SRDO06 (run 11) SRDO07 (run 11)
Tc [mK] [ We[mK] | Te[mK] [ wWemK] | Te[mK] [ WemK] | Te[mK] | We[mK] | Tc[mK] [ We[mK]
1 w Bl 1) 1) 1) 16.03 0.58 Bl 1) 1) )
2 Be 21.12 0.11 21.98 0.08 20.98 0.84 20.98 0.51 20.77 0.09
3 IrsoRh20 32.09 0.97 32.32 0.99 31.85 0.5 32.22 0.62 32.18 1.02
4 Ire2Rhos 65.52 0.66 66.10 0.94 65.70 0.93 65.93 0.45 65.87 0.89
5 Ir 94.38 1.07 99.34 0.55 99.53 0.38 99.39 0.41 95.59 1.07
6 AuAl; 2 2 160.89 0.73 160.93 0.82 160.89 179 160.84 1.26 9
7 Auln; 207.94 0.94 207.80 1.58 206.24 0.67 207.89 7.04 4 210.51 9.38 9
8 Cd 515.9 9.1 516.9 14.0 5253 3 174 517.7 8.7 518.3 15.2
9 Zn 844.6 8.6 843.7 59 819.1 3 13.7 844.1 9.9 845.2 13.2
10 Al 1165 3.5 1166 35 1055 3 8 1165 5 1200 5

Y these W transitions were not observed in run 11, because the lowest temperature was about 16 mK;

2 the AuAl, sample shows a transition step too small to be detected and will be replaced before the evaluation of this SRD1000;

9 in run 10 the Tc of SRDOOS for Cd, Zn, and Al were determined using a Speer resistor. Later it was found out that the Speer
calibration differed considerably from the PLTS-2000 at these transition temperatures;

 some AuAl, and Auln, samples show (next to a sharp transition) a long tail towards higher temperatures and will be replaced
by better quality samples before the evaluation of the SRDs.

12
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6.3. Uncertainty in the realization of the PLTS-2000

A calculation was made to determine the uncertainty z(T2000) in realizing the PLTS-
2000 by using the pressure minimum and five SRM 768 reference points for the
calibration of the capacitive pressure transducer in the MCT [14].

Figure 8 shows the results of this calculation. Between 10 mK and 1 K the uncertainty
ranges from 0.2 mK to 1 mK, with the exclusion of a range from 250 to 380 mK,
centered around the minimum of the melting curve.

25

20F

15

10F

U(T00) [MK]

05}

0.0 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700 800

T [mK]

2000

FIGURE 8. Uncertainty in the realization of the PLTS-2000 during the calibration

6.4. Uncertainty in the determination of T¢

All SRD transitions are characterised by a width W¢, height AV and signal noise AN.
These parameters result in an uncertainty AT¢ when a Tc is determined from a specific
transition.

The width W¢ of the transition is defined as the temperature interval in which 80% of

the total transition step AV occurs, see Figure 1. For a symmetrical and smooth
transition, one can estimate the slope dT/dV around T¢ :

dT/dV=Wc/0.8 4V 1)

The maximum noise at the system output AN is about 0.4 MVpeak-peak When the
detection electronics is set to the ‘slow’-mode. The signal-to-noise (S/N) ratio of a
transition is defined as the ratio between the step size AV and the noise 0.4 MV peak-peak:

SIN=AV/ AN = AV /0.4 )

From (1), one can approximate the ratio between the noise related temperature
uncertainty AT¢ around T¢ and the system noise AN:

ATc | AN = We /0.8 AV (3)

Using (2), (3) one can derive for AT¢ , when signal levels are measured in mV:

13
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ATe =We . AN/ (0.8 AV) = W / (0.8 SIN) = Wc / 2 AV (4)

The range of values for AT¢ / Tc observed for the prototypes are listed in Table 1.

6.5. Uncertainty in the reference points

Table 4 gives the total uncertainty in the reference points for SRD1000 prototype no.
004 resulting from the uncertainties AT¢ and z4(T2000). These results are typical for all
SRD1000 prototypes. The uncertainty ATc is relatively small compared to z(T2000),
except for the Zn and Cd transitions. The uncertainty in the reference points is
comparable with the standard uncertainty of the PLTS-2000 in thermodynamic terms,
which is specified as 0.5 mK down to 500 mK, 0.2 mK at 100 mK and 0.3 % of T at
25 mK.

TABLE 4. Estimated total uncertainty in the T resulting from AT and (T 000) for SRD004
# | material Te We av SIN ATc #(T20) total uncertainty
[mK] [MK] | [mV] [-] [mK] ] [%] K] [ [%] [%]

1 w 15.1 0.2 8 20 0.013 0.083 0.120 0.80 0.88
2 Be 21.98 0.08 24 60 0.002 0.008 0.115 0.52 0.53
3 | IrgoRhxo 32.32 0.99 70 175 0.007 0.022 0.109 0.34 0.36
4 | Irge2Rhos 66.10 0.94 29 73 0.016 0.025 0.099 0.15 0.18
5 Ir 99.34 0.55 73 183 0.004 0.004 0.116 0.12 0.12
6 | AuAl, 160.89 | 0.73 17 43 0.021 0.013 0.248 0.15 0.16
7 Auln; 207.80 1.58 28 70 0.028 0.014 0.465 0.22 0.23
8 Cd 516.9 14 14 35 0.500 0.097 0.285 0.06 0.16
9 Zn 843.7 5.9 12 30 0.246 0.029 0.362 0.04 0.07
10 Al 1166 4 10 25 0.200 0.017 - - =0.02
7. Conclusion

During the project, five SRD1000 prototypes with dedicated electronics were
designed, built, tested and calibrated to develop knowledge on SRD technology. Each
prototype contains ten reference materials with clear superconductive transitions.

Analysis shows, that the relative uncertainty in the realization of a reference
temperature resulting from the combined uncertainties of the SRD1000
instrumentation and the calibration set-up, ranges between 0.9 % at 15 mK to less
than 0.1 % at 1 K. This meets the requirements on the reference points to support and
disseminate the PLTS-2000, given the uncertainty of the scale.

In a subsequent development phase, the SRD1000 prototypes will be metrologically
evaluated by the other partners of the project. The transition temperatures on the
PLTS-2000 will be found, the width and repeatability of the superconductive
transitions will be determined and the effects of thermal and measuring parameters
will be finalized.

The sample preparation processes still need some additional development in order to
be able to manufacture a next series of SRDs of equal or better quality.
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Appendix. Transitions of samples of the selected materials
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