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Dear readers!
This special issue of the Ukrainian Metrological Journal is dedicated to the 

VII International COOMET Competition “Best Young Metrologist 2017”. It presents 
reports on the achievements of young specialists-metrologists from all over the 
world in the field of scientific and applied metrology. The Scientific Committee of the 
Competition includes leading metrologists of Belarus, France, Germany, Kazakhstan, 
Russia, South Africa, Ukraine and USA from international (BIPM, BIML) and regional 
(AFRIMETS, COOMET, EURAMET, SIM) metrology organizations.

The competition is held every two years since 2005 and aims to strengthen and 
improve cooperation between all metrology organizations and national metrology 
institutes.

The initiative for this extraordinary competition was started more then ten years ago 
during an annual meeting of the COOMET Technical Committee (TC) for Information 
and Training. The members of this TC suggested the development of criteria for a better 
judgment of the skills and knowledge of young metrologists between member state 
institutes. In 2005, these efforts finally resulted in the first COOMET competition with 
oral presentations of scientific or nationally important topics. It was carried out at the 
National Scientific Centre “Institute for Metrology” in Kharkov, Ukraine.

Another five subsequent competitions, carried out in 2007 and 2015 again in Ukraine, in 
2009 in Belarus, in 2011 in Russia and in 2013 in Germany very clearly showed that a high 
yield from this regional activity consists not only in demonstrating one’s own capabilities 
but also in building friendship as well as developing and intensifying scientific and 
personal contacts between the young scientists of different member institutes.

Enjoy reading and allow the young scientists to present you their researches and 
achievements!

Prof. Dr. Pavel Neyezhmakov,
Chief Editor of Ukrainian Metrological Journal,

General Director of NSC “Institute of Metrology”,
COOMET Vice-President,

Chairperson of TC4 “Information and Training”
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RESEARCh Of METROlOGICAl ChARACTERISTICS Of ThE 
NATIONAl STANDARD Of ElECTRICAl RESISTANCE uNIT 

filipchik I.V.
Republican Unitary Enterprise 
“Belarusian State Institute of Metrology”, BelGIM
Minsk, Belarus, 2017, 
(375 17) 233 52 55, fax (375–017) 288–09–38,
filipchik@belgim.by

In 2013–2015 the Belarusian State Institute of Metrology established the national standard of electrical 
resistance unit. The paper presents the prerequisites for creating a national standard, the composition of 
the standard, its metrological characteristics, as well as research results and prospects at the resistance 
measurements area.

The priority directions of our institute are to establish of the national standards base and to ensure a system 
of international traceability for its standards.

The main reasons for establishing the national standard of electrical resistance unit were the necessity of:
 improving measurements accuracy, allowing us to take part in international comparisons and to place 

calibration and measurement capabilities (CMC’s) at the international database KCDB;
 replacement and improvement the existing equipment;
 meeting the requirements of our industry in expanding the reproduction and measuring range;
 metrological control of up-to-date high-precision equipment (multimeters and calibrators);
 metrological support of scientific inventions in Belarus.
Besides, we had no measuring equipment at low ohms with nominal current up to 100 A and at high ohms 

from 10 GOhms to 100 TOhms.
The development of standards of electrical resistance unit is carried out in two steps, as a rule. At first the 

system of store and transfer the unit is created. In this case the basis of standard is a group of resistance standards. 
At the second stage a quantized Hall resistance standard is established [1]. We finished the first stage at 2015.

The structure of national standard and the scheme of transfer the electric resistance unit are represented at 
figure 1.

The unit is transfer from the resistance group to reference standard and further to working measurement 
standards.

The national standard of electrical resistance unit consists of two complexes.
1 A set of reference equipment for reproduction and storing the basic value of the electric resistance unit.
For creation of a reference group four primary standard resistors 9210A/1 (figure 2) were manufactured 

according to our technical task by Measurement International (MI), Canada. These standards have the best 
metrological characteristics at present. The stability in year is less then 0.2 ppm, temperature coefficients are 
less then 0.05 ppm.

2 A set of reference equipment for the storing and transfer units consists of:
− the system 6242B (measurement range from 100 mkOhm to 1 MOhm, the best accuracy is less then 0.05 

ppm, measurement current up to 100 A);
− the system 6600A (measurement range from 100 kOhm to 100 TOhm, the best accuracy is less then 7 

ppm, measurement voltage up to 1000 V)
− high resistance standard 9331G (nominal values from 10 GOhm to 100 TOhm, stability from 25 ppm to 

0.5 %)
Besides, the available set of reference resistance standards with nominal values from 1 mOhm to 1 GOhm 

became a part of national standard. These standards have a long history of researches and high stability.
3 Ancillary equipment
To provide temperature control system calibration Bath OB-50/2, temperature controlled standard resistor 

air bath 9300A and 9300 are used.

Section 1. Electricity and Magnetism
UDC 006.91:621.3
DOI: 10.24027/2306-7039.1A.2017.99346
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Figure 1

Figure 2
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The results of national standard of electrical resistance unit researches
The researches of metrological characteristics of national standard were conducted during the 2014–2016. 

The researches of the primary resistance standard group and transfer of resistance unit to reference standard are 
the most significant. Earlier the reference standard was calibrated at VNIIM, Russia.

Primary standard resistors 9210A/1 (resistance standard group)
The actual values of standard resistors 9210А/1 during 2015–2016 are shown at the table 1. These values 

are calculated as an average meaning from 25 measurements, obtained relatively to reference standard P321 
which was calibrated at VNIIM with expanded uncertainty 0.3 ppm.

Table 1
Serial 

Numbers
Actual Values

06.2014 г. (certificate MI) 02.2015 11.2015 02.2016 11.2016
1102314 1,00000105 1,00000149 1,00000139 1,00000148 1,00000125
1030603 0,99999790 0,99999822 0,99999810 0,99999822 0,99999805
1101044 0,99999658 0,99999690 0,99999684 0,99999696 0,99999680
1101047 1,00000038 1,00000081 1,00000081 1,00000092 1,00000063

Based on the measurement results standard deviation and stability were determined (table 2, figure 3).

Table 2
Serial

Numbers
Standard deviation, 

×10–2 ppm
Standard deviation according to 

technical task, ×10–2 ppm Stability, ppm Stability according to 
specification, ppm

1102314 0,8 5 0,00 0,2
1030603 0,6 5 0,01 0,2
1101044 0,6 5 0,06 0,2
1101047 0,7 5 0,11 0,2

Figure 3

The obtained values do not exceed the values given in the technical documents.
The transfer the electrical resistance unit to the reference standard
The results of measurement are shown at tables 3, 4.

17–18 May 2017, Astana, Kazakhstan
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Table 3
Nominal value Actual Value (VNIIM), 2014 Actual Value (BelGIM), 2016 Annual stability 

Ohm Ohm  ppm 

0,001 Ohm 0,000999997 0,000999999 1,0 
0,01 Ohm 0,01000066 0,01000068 1,0 
0,1 Ohm 0,1000033 0,1000035 1,0 
10 Ohm 9,99945 9,99945 0,0 

100 Ohm 99,9977 99,9976 -0,5
1 kOhm 1000,049 1000,048 -0,5 

10 kOhm 9999,15 9999,11 -2,0 
100 kOhm 100001,7 100001,2 -2,5 

MOhm MOhm ppm
1 MOhm 1,000302 1,000303 0,5

10 MOhm 9,99976 9,99969 -3,5
100 MOhm 99,9977 99,9969 4,0

1 GOhm 1000,079 1000,086 -3,5

On the basis of the results, these set of resistance standards can be used as a reference standard and the 
measurement systems allow transferring the unit with the required accuracy.

International Comparisons
In 2015 BelGIM took part in the COOMET Supplementary Comparison of Resistance at 100 Ohm and 100 

kOhm (COOMET.EM- S19) which was conducted in the framework of the project COOMET 624/GE-a/13.

Conclusions
Thus the national standard of electrical resistance unit is capable to store and transfer unit of electric 

resistance with the highest accuracy in Belarus. The main metrological characteristics are presented in Table 5.

Table 5

Metrological characteristics
Value

in accordance with a technical task in accordance with the results of research
Reproduction and storing the basic value 1 Ohm 1 Ohm
RMS 5∙10–8 (0,6–0,8)×10–8

Systematic error 5∙10–7 4,6∙10–7

Unit transfer range from 1∙10–3 to1∙109 Ohm from 1∙10–4 to 1∙1016 Ohm

The equipment made on the basis of the technical project is fully consistent with the technical task and 
provide an additional opportunities. They are:

- extended measuring range of electrical resistance unit;
- the possibility of low ohms measurements at the nominal current up to 100 A;
- the possibility of the temperature coefficient of resistance determination.
Development prospects:
- introduction CMC’s to an international database KCDB;
- inclusion of Quantum Hall Resistance into national standard of electrical resistance unit, which will allow to 

rise resistance reproducing accuracy up to 2× 10–8 [2].
References:
[1] Создать эталон единицы электрического сопротивления: отчет о НИР № ГР 20131974, 2015.
[2] T.A. Colomiets, E.A. Kazakova, I.N. Lukhverchik, T.G. Sosnovskaya, I.V. Filipchik. Creation of national 

standard of electrical resistance unit. Metrologia and instrument-making, 2016, 76

Proceedings of VII International Competition of COOMET “Best Young Metrologist”

Research of metrological characteristics of the National Standard of Electrical Resistance Unit 8



fEATuRES Of EVAluATION DRIfT EffECT DuRING KEY 
COMPARISON COOMET.EM-K5

STANISlAV KARPENKO
State Enterprise «Ukrmeterteststandart»
4, Metrologichna Str., 03143, Kyiv, Ukraine, 
Tel./Fax: +38 044 526 15 41,
e-mail: s. r.karpenko86@gmail.com

Abstract
Results of pilot laboratory and participating laboratories which are measuring the same travelling standard 

during Key Comparison must be most similar. However, this may not always be possible, because the travelling 
standard which is sent in turn to all participating laboratories is not always perfectly stable. So that it is necessary 
to take into account the drift effect of the travelling standard. The article describes some problems concerning 
the evaluation drift effect of travelling standard and its further influence on evaluation key comparison reference 
value during Key Comparison. The procedure for evaluation drift effect when its model can be linear or not 
linear was presented. Comparative analysis of the proposed procedures for evaluation drift effect is applied to 
the Key Comparison of Power COOMET.EM-K5 was done.

Keywords: drift effect, key comparison, electric power, key comparison reference value, travelling 
standard.

1. Introduction
Key comparisons (KC) are the special interlaboratory comparisons for National Metrology Institutes (NMIs) 

and regional metrology organizations (RMOs) around the world which are carried out within the framework of 
the International Committee for Weights and Measures (CIPM) Mutual Recognition Arrangement (MRA) [1]. The 
main purpose of KC is the determination of the equivalence between laboratories of different NMIs.

The unilateral degree of equivalence of a laboratory is obtained as the deviation of its measurement result from 
the KC reference value (KCRV), together with the uncertainty associated with this deviation according to the MRA [2].

The MRA describes in general how the data of KC should be evaluated but it does not provide enough 
specifics to define an unambiguous analysis. Consequently many different ways of evaluating KC data have 
been suggested over the years [3].

Ideally, all laboratories of different NMIs participating in a KC are measuring the same travelling standard 
(TS), which makes the comparison of reported results most meaningful. However, this may not always be 
possible, because the TS that is sent in turn to all laboratories common TS is not always stable and may change 
its value over time in the course of the KC. If in planning the KC the circular scheme will be used or a small 
number of participating laboratories then for a stable TC, checks can make on the unvarying value in a pilot 
laboratory at the start and at the end of the KC. In such a way the pilot laboratory makes measurements at least 
twice [4]. But if in planning the KC the radial scheme will be used the TS is returned to the pilot laboratory after 
each measurement at a participating laboratory or more often after performing a group of measurements at 
participating laboratories. During the analysis of the KC data then needs to account for these drift effects.

It should be noted that the accuracy of calculation of KCRV depends on accuracy of determining drift effects 
during KC [5–7]. Nevertheless since KC are utilized to approve, or disapprove, the calibration and measurement 
capabilities (CMCs) quoted by NMIs they have received much interest over the years [8].

2. General remark on Key Comparison of Power COOMET.EM-K5
To support the CMCs declared by members of COOMET in the framework of the CIPM–MRA, SE 

«Ukrmetrteststandart» (UMTS, Ukraine) organized COOMET KC of electric power unit for electrical standards of low-
frequency 50/60 Hz power. UMTS was proposed to be the pilot laboratory, which would be responsible for providing 
the TS, coordinating the schedule, collecting and analyzing the comparison data, and preparing the draft report.

National Institute of Metrology (NIM, China) and D. I. Mendeleyev institute for Metrology (VNIIM, Russia) 
were proposed to be the linking NMIs for the linking process between CCEM-K5 KC and COOMET.EM-K5 KC [9]. 
TS of low-frequency 50/60 Hz power will be compared at 11 NMIs from COOMET and EURAMET to establish the 
relationship between the electrical units of AC power at these laboratories of different NMIs. COOMET.EM-K5 
KC will be linked to CCEM-K5 KC.

UDC 006.91
DOI: 10.24027/2306-7039.1A.2017.99380

17–18 May 2017, Astana, Kazakhstan
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3. Evaluation of the travelling standard’s drift effect
During KC all the participating laboratories should measure the identical TS, which often is not perfectly 

stable. So that it is necessary to take into account the instabilities arising from the ageing of the TS or by several 
physical or mechanical changes during the transportation process or from the time. The presence of drift of TS, 
directly influences the quality of KC.

If preliminary analysis of the KC data indicates the drift in the measured value of the TS, it is necessary 
to evaluate this drift for subsequent use in establishing the KCRV for the KC and calculating the degrees of 
equivalence of the NMIs standards.

The pilot laboratory performed repeated measurements over the duration of the KC in order to monitor the 
stability of the TS and also the correction to compensate the drift can be evaluated. The evaluated correction 
which depends on both the stability of the TS and the long term stability of the measurements and its standard 
uncertainty will be included in the model describing the measurement process of the KC [10]. I applied the 
different approaches for evaluation drift effect to the COOMET.EM-K5 KC [9].

During the COOMET.EM-K5 KC, the TS RD-33–332 (serial number 301308) is measured at the pilot laboratory 
(UMTS) for each time after i participating laboratory made measurements. Also before the beginning COOMET.
EM-K5 KC the pilot laboratory (UMTS) researched the TS for the drift effects. The measurement data, which 
are measurement results (mean values) by UMTS are listed in Table 1. In this example, I  consider only the 
measurement point 120 V, 5 A, PF 1.0, 50 Hz.

Table 1. Measurement data

№ 

Measurement points
Period 

in 
weeks

120V, 5 A, PF, 50 Hz 120V, 5 A, PF, 53 Hz
1.0 0.5 Lag 0.5 Lead 0.0 Lag 0.0 Lead 1.0 0.5 Lag 0.5 Lead 0.0 Lag 0.0 Lead

Measurement results, µW/VA
UMTS1 1.8 2.5 -4.6 3.8 -4.0 0.9 1.9 -4.3 3.3 -3.9 0
UMTS2 1.8 2.4 -4.6 3.7 -4.1 1.0 1.9 -4.3 3.3 -4.0 2
UMTS3 1.9 2.5 -4.5 3.8 -4.1 0.9 1.8 -4.4 3.2 -4.0 5
UMTS4 1.8 2.3 -4.4 3.9 -3.9 1.1 1.9 -4.2 3.3 -3.9 7
UMTS5 1.9 2.5 -4.5 3.7 -4.1 0.9 1.9 -4.4 3.4 -3.8 12
UMTS6 1.7 2.4 -4.4 3.8 -4.0 1.1 2.0 -4.3 3.3 -4.0 24

3.1 linear drift
Sometimes the data can show the linear drift, such cases have been considered by different models [4–6].
If there are no regularities that could be the basis of a drift model, one usually is given by a proposed linear model:

x x m y yi− = ⋅ −
DRIFT

( ),      (1)

where yi (month) —  the given date; y  (month) —  the average date of the NMI measurements on the TS; x (µW/
VA) —  the measured value given by the linear drift on date yi; х

– (µW/VA) —  the average measured value of NMI 
measurements on the TS; mDRIFT (µW/VA/month) —  the drift 
of the measured value per month. The proposed procedure 
of evaluated linear drift is illustrated by its application to 
recent KC COOMET.EM-K5.

After analyzing measurements were specified that the 
behavior of TS is the linear drift and can be seen in Figure 
1. Also for evaluation of linear drift of TS can be used linear 
approximations or 1st order polynomial regression.

3.2 Non-linear drift
Nevertheless, in most cases the TS shows non-linear drifts, which are probably caused by mechanical 

changes arising from the transport or from the time.
In such cases the evaluation of the uncertainty due to the instability could be determined from the standard 

deviation of the measurements of the linking laboratory. And the standard deviation of the measurements of 
the linking laboratory would be considered in the budget uncertainty of each participating laboratory in KC [9]. 
To estimate non-linear drifts in the TS during COOMET.EM-K5 KC are proposed to use procedure of evaluation 
the polynomial regression or piece-wise linear approximations. The polynomial regression model is:

y a a x a x a x a x
i n n

n
,= + + + + + +

0 1 1 2 2

2

3 3

3
....... ξ     (2)

where ξ= random error with zero mean.
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It was assumed that the TS drift in non-linear fashion. Researched non-linear effects are caused probably by 
mechanical changes during the transportation process.

To estimate non-linear drift in the TS, a polynomial regression was fitted to the six UMTS measurements for 
each power factor (PF). But the numbers of UMTS measurements will be equal the list of dates of measurements 
in according to the Technical Protocol [8]. Polynomial regression was selected to track the drift behavior 
of the TS (Table 2). Also was calculated the determination coefficient (R2). Applying the Chaddock scale the 
determination coefficient (R2) gets quality characteristic which are needed to assess the quality of the selection 
of the regression equation.

Table 2. Selected polynomial regression to track the drift behavior of the TS
Polynomial 
regression Regression equation Determination 

coefficient (R2)
Quality characteristic 

according Chaddock scale Conclusion

1st order y t UMTS
UMTS

= − ⋅ +0 004 1 8502. ( ) . 0.2176 Weak level Don’t use

2nd order y t UMTS

t UMTS
UMTS

= − ⋅ + ⋅

⋅ +

0 0009 0 0173

1 7878

2
. ( ) .

( ) .

0.7161 Salient level Not good

3rd order y t UMTS

t UMTS t UMTS
UMTS

= − ⋅ + ⋅

⋅ + ⋅ +

0 00005 0 0007

0 0054 1

3

2

. ( ) .

( ) . ( ) .88005

0.7430 High level Recommended

4th order y t UMTS

t UMTS t UMTS
UMTS

= − ⋅ + ⋅

⋅ − ⋅ +

+

0 00002 0 0008

0 0089

4

3 2

. ( ) .

( ) . ( )

00 0381 1 7885. ( ) .⋅ +t UMTS

0.7783 High level Good

5th order y t UMTS

t UMTS t UMTS
UMTS

= − ⋅ + ⋅

⋅ − ⋅ +

0 00003 0 00012

0 0165

5

4 3

. ( ) .

( ) . ( ) 00 0806

0 1044 1 8000
2

.

( ) . ( ) .

⋅

⋅ − ⋅ +t UMTS t UMTS

1.0000 Functional dependence 
between variables

Very well

The 2nd  —  5th order polynomial regressions can be seen in Figures 2–5. The drift of the TS is calculated 
according to the formula:

DRIFT TS
n

x
m

x x x( ) = − = −
= =
∑ ∑1 1

1 1

icorr.pol

i

n

jmeas.val

j

m

corr.pol meeas.val
,    (3)

where xicorr.pol– i corrected measurement made by pilot laboratory; xjmeas.val  —  j measurement made by pilot laboratory; 
x
corr.pol

 – average corrected measurement result; x
meas.val

– average measurement value made by pilot laboratory.
Ideally, I consider the drift of the TS have to be evaluated for each measurement of pilot laboratory in a KC 

individually for each participating laboratory and sum of them. For evaluation drift of the TS was proposed the 
next formula:

Figure 2. The drift tracked by 2nd order polynomial regression

Figure 4. The drift tracked by 4th order polynomial regression

Figure 3. The drift tracked by 3rd order polynomial regression

Figure 5. The drift tracked by 5th order polynomial regression
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DRIFT TS

x x

m
( ) =

−∑ UMTS i UMTS i-1

i=2

n

,
2      (4)

where x
UMTS i  – i  measurement made by pilot; x

UMTS i-1   —  i-1 measurement made by pilot; m  —  the total 
measurement period of pilot laboratory.

Comparative analysis of the proposed procedures for evaluation drift when the model is linear or not-linear 
which is applied to the KC of Power COOMET.EM-K5 was done (Table 3).

Table 3. Evaluated drift of the TS

Evaluated drift of the 
travelling standard, µW/VA

Model of drift of the travelling standard

Linear
Non-linear

Polynomial regression Proposed 
method1st order 2nd order 3rd order 4th order 5th order

0.026267 0.026267 -0.000413 0.000156 0.016231 -0.026713 0.002083

Conclusion
The procedures for revealing and evaluating of the linear or non-linear drift effect of the TS when making 

KC of Power COOMET.EM-K5 was proposed. If the TS which is sent in turn to all participating laboratories is 
perfectly stable it is enough to apply linear drift model (linear approximations or 1st order polynomial regression). 
However the TS is not perfectly stable than must be used non-linear drift model. Proposed procedure for 
evaluation non-linear drift is easier in calculation part but may lose in accuracy in some cases.
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Abstract
Materials on a research of short-term instability as incidentally making uncertainty of the State primary 

standard phase angle between two voltages are provided. The program project of automation of process of 
measurement by the measuring instrument phase angle is developed. Measurements of parameters of a short-
term instability of the phase meter are completed. The equation of measurement and budget uncertainty in 
the calibration phase of the standard is reduced. It is shown that automation can improve the value of the 
uncertainty of the state standards, which are published in the form of CMCs on the site of the BIPM, and involve 
a reference to international comparisons.

Introduction
High accuracy and traceability of the phase measurements are required in the areas of measuring time 

and frequency synchronization, radar and navigation, aviation and aerospace, communications, energy, non-
destructive testing, the playback size of the resistance units with alternating current, capacity and inductance, 
the development AC bridges and etc [1].In 2011 in SE “Ukrmetrteststandart” is created the State primary 
standard phase angle between two voltages unit for metrological maintenance phase measurements in the 
Ukraine. During the period of operation of the equipment set, which forms a group reproduction, preservation 
and transmission phase angle unit in the fundamental frequency range (from 5 Hz to 100 kHz) doubts about 
the reliability of estimation of the standard deviation as the reading is in the manual measurement mode of 
20 values. In the analysis of the standard deviations for each year it was found unstable change values. In our 
opinion, it is connected with the low reliability of reading values and their numbers.

The aim of the article is: to show the improvement of the metrological characteristics of the State primary 
standard phase angle between two voltages unit by measurements automation.

The main content of research
The State primary standard consists of a set of measuring instruments of the fundamental range frequency 

(from 5 Hz to 100 kHz) and extended range frequency (from 0.01 Hz to 10 MHz) [2] (Figure 1).

Figure 1. State primary standard phase angle between two voltages unit
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Research of metrological characteristics of the State the primary standard phase angle between two voltages 
unit was executed for the random component of the uncertainty of measurements in the fundamental range 
frequency by direct measurements using a phase meter 6000A CLARKE-HESS and phase standard 5500–2 
CLARKE-HESS. For the experiment, software was developed in the LabView environment for automatic 
reading of data to the computer from the 6000A CLARKE-HESS phase meter [3]. This decision to carry out the 
experiment allowed to increase the number of measured values to an unlimited value, which did not allow for 
manual mode in view of the difficulty of writing off the readings from the meter screen by the operator if the 
number of measured values is increased by more than 20.

Throughout the operation life of the instrument, the data obtained with internal calibrations have shown 
that the reliability of the mean square deviation is not enough, since the readings were read in the manual mode 
of measurement in the amount of 20 values at each point. The laboriousness of performing this operation in 
manual mode did not allow to increase the number of measurements sufficiently, which made automation 
possible.

The developed software has the form shown in Figures 2.

Figure 2. Block diagram of the automation program for the phase meter

Phase meter was calibrated with the phase standard the phase angle 0 ° reference signal, which is separated 
by a BNC within series adapters into two inputs of the phase meter (Figure 4) and other phase nonzero angle 
(Figure 5). The measurements were carried out for 20 minutes (the number of measurements of 5000 points) 
after 2 phase autozeroing operations (pressing the AUTOZERO key), which are separated by an interval of 30 
seconds.

Figure 4. Diagram of measurement the phase angle 0 ° Figure 5. Diagram of measurement other phase nonzero angle

Phase standard CLARKE-HESS5500–2 has been calibrated and received a certificate in PTB, Germany, for 
ensure traceability of the State primary standard in fundamental range frequency range, and was published 
CMC-lines in the database key comparisons (KCDM) BIPM (line number 36, SMS38 tables) [4]. While CMC-
lines was check it was recommended to recalculate the expanded uncertainty based on standard short-term 
instability, as this parameter is not taken into account when calibrating in the PTB, and that was taken from the 
operating instructions of manufacturer.

Since the real short-term instability of the meter is taken into account as a standard type A uncertainty and 
included in the expanded uncertainty, it makes it possible to assess the required short-term instability of the 
standard, and increasing the number of measurements reduces the standard type A uncertainty and hence the 
standard and expanded uncertainty.

Measurements of the parameters of the short-term instability of the phase meter of the same signal of the 
phase standard at a value of the phase angle 0 ° makes it possible to exclude the error of the meter and to 
estimate the short-term instability of the phase standard.

According to the standard procedure of calibration phase [5] measurement of the equation (1) (the deviation 
of the measured value of the nominal value) in absolute terms is as follows:

∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆ ∆φ φ φ φ φ φ φ φ φ φ φγX X S dX dS V f L TX TS
= − + + + + + + + + ,   (1)
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Where δφX —  the deviation of the measured value of the nominal value;
φX —  reading phase angle offset calibrated phase meter;
φS – the value of the phase angle, set by the standard phase (including the amendments specified in the 

calibration certificate for a given range point);
δφdX —  correction due to the discrete scale of calibrated phase meter;
δφdS —  correction due to the short-term instability phase standard;
δφV —  correction due to the voltage deviation in the network;
δφf —  correction due to frequency deviation of the test signal;
δφL —  correction due to the difference of the lengths (and other characteristics) of the cable through which 

a signal;
δφTX —  correction due to the temperature dependence of the calibrated phase meter;
δφTS — correction due to the temperature dependence of the phase;
δφγ —  correction due to drift of the characteristics of the phase standard since the last calibration.

Table 1. Uncertainty budget in the calibration of the phase meter 6000A CLARKE-HESS.

Quantity
Xi

Estimate
xi, in degrees

Standard uncertainty
u(xi), in degrees

Probability 
distribution

Method of 
evaluation 

(A, B)

Sensitivity 
coefficient ci

Uncertainty contribution
ci · u(xi), in degrees

φX
0,0002 1,17E-04 normal A 1 1,17E-04

φS
-0,0008 2,50E-03 normal В 1 2,50E-03

δφdX
0 5,00E-04 rectang. В 1 5,00E-04

δφdS
0 2,89E-03 rectang. В 1 2,89E-03

δφV
0 8,50E-06 normal В 1 8,50E-06

δφf
0 5,00E-04 rectang. В 1 5,00E-04

δφL
0 5,00E-04 rectang. В 1 5,00E-04

δφTX
0 1,50E-06 rectang. В 1 1,50E-06

δφTS
0 1,50E-06 rectang. В 1 1,50E-06

δφγ
0 7,16E-04 rectang. В 1 7,16E-04

δφX
0,0010     

 

Combined standard uncertainty  3,98E-03
Effective degrees of freedom neff >200, k = 2

Expanded uncertainty (p = 95 %)  7,97E-03

In the uncertainty budget (Table 1), when calibrating the phase meter, there is, which a value of the standard 
uncertainty of type A (value 1,17E-04 °) is the real short-term instability of the meter.

Uncertainty in type A is determined by the expression [6, 7]:

u
n nA Xi X

i

n

=
−

−
=
∑1

1

2

1( )
( )φ φ ,     (2)

where 

φ φ
X Xi

i

n

=
=
∑1

1n
( )  —  

arithmetic mean of measurement results, φX —  The value of the phase angle, measured with a phase meter, 
n —  Number of measurements.

Figure 6 is showed the dependence of the standard uncertainty of type A on the number of measurements 
from 20 values to 5000. Measurements at a frequency of 100 Hz are plotted as a dotted line at a frequency of 1 
kHz —  solid. More measurements (reduces the standard type A uncertainty at all frequencies, as a short-term 
instability of the phase meter, and improves the extended uncertainty of the meter.

Research of short-term instability by automation the resulting value of standard uncertainty of type A was 
the value 5,84E-06 ° which is 14 times less than in the manual mode of phase measurement, and the expanded 
uncertainty decreased by 2 times.

Conclusions
The software automate the process of measuring the phase meter, which is part of the State primary 

standard of the phase angle between two voltages is developed. Automation improves the metrological 
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characteristics of the State primary standard by assessing and reducing the random component of uncertainty. 
These metrological characteristics can improve the value by 2 times of the standard uncertainties which are 
published in the form of CMCs on the site of the BIPM, and involve a reference to international comparisons. 
Proposed software automation phase angle measurement process can significantly reduce the cost of 
providing metrological services by increasing productivity and reducing labor-intensive.
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Abstract. Provided investigations have shown that for optimization of the impedance measurement 
metrological support it is necessary to develop the universal precise comparator. The requirements for a 
universal comparators are defined. The variational method for automation the bridge balancing proposed. 
The analysis was provided and determined the optimal phase shift variation to calibrate a two-channel vector 
voltmeter. Metrological characteristics of the created equipment are presented.

Introduction. Set of measured immitance parameters has meant that the system of reproduction and 
transferring of the units is a complex primary standards and precision comparators, lower standards and working 
measuring devices [1]. The highest accuracy has primary standards of capacitance and resistance which are based 
on fundamental constants. However, for the transferring the unit’s size from quantum standards to working 
standards are used unique precision comparators. These comparators operate in narrow ranges in the manual 
mode [2]. Creation and operation of such equipment requires highly skilled personnel and considerable financial 
costs. Thus, for the transfer of the unit capacitance and resistance at NIST 8 different comparators uses [3].

Due to the fact that the accuracy and time of measurement for customer in individual cases is essential, the 
choice of a calibration laboratory creates a competitive edge of metrological centers. This requires the creation 
of automated equipment and optimization of the reproduction and transferring system of measurement of 
immitance parameters. The resolving the optimization question —  is creating an universal precision immitance 
comparator and use only one standard of the parameters and frequency standard, as shown in Figure 1.

Figure 1. Optimization of the system of transmission parameters immitance size

The main content of research
The universal comparator must perform the following functions:
— Quadrature comparison (transfer size of unit from the standard of capacitance to the reference standard 

of resistance and vice versa);
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— Antiphase comparison (transfer size of unit from the standard of capacitance to the reference standard 
of inductance and vice versa);

— Well-nominal comparison of the parameters of standard measures of any kind;
— Decimal comparison of the parameters of standard measures of any kind;
— Comparison parameters of standard measures at an arbitrary value of the auxiliary parameter (tg).
Developed a set of universal precision comparators that fully meets these requirements, consisting of:
— Autotransformer bridge-comparator which transmits sized units of all parameters in the whole range of 

impedance values of standard measures;
— Quadrature bridge-comparator which transmits C ↔ R at low loss tangent and phase angle.
To solve the problem of automatical balancing variational method is using [1]. The method is conducted 

(in  general) by measuring the unbalance signal, make a variation turns one winding, and make a second 
measuring unbalance signal. Make and solve a 
system of equations. The result is using to balance the 
bridge or to find the distance between the current 
state of the bridge and the state of the ideal balance. 
It is proposed to use a computer to control the 
comparators, mathematics calculation, presentation 
and storage of results.

We use the same vector voltmeter to measuring 
unbalance signal from both bridges. This decision 
allows combining two comparators in a common 
housing.

To improve the performance of equipment in vector 
voltmeter should be used two-channel structure. 
Generalized block diagram of the two-channel vector 
voltmeter shown in Figure 2.

In measuring inputs of the synchronous detector 
(in-phase) SDs and (quadrature) SDq served measured signal Ux = Umhsin (ωt + φx) from the bridge measuring 
circuit (BMC). In supporting synchronous detector inputs submitted two shifted in phase 90 ° reference 
signal(0/90). The rectified signals from synchronous detector outputs are fed to the analog-to-digital converters 
ADCs and ADCq.

The fact that its channels are nonidentical is taken into account when it is periodically calibrated. [4]. For 
calibration of the voltmeter to measuring inputs serves the voltage Um from oscillator with frequency ω and 
initial phase φo, and the supporting synchronous detector inputs served alternately sinusoidal voltage with 
variation of phase shift γ. Measure orthogonal components U1, U2, U3, U4 of input voltage Um, calculate the ratio 
of module transmission coefficient of channels K and the phase delay Δφ between in-phase and quadrature 
channels. The actual task is to determine the optimal variation of phase shift γ, where the error of K is the 
lowest.

The ratio of the modules transmission coefficient K of the detectors channels are finding from the system of 
equations:

U U K t U t

U U t U
1 0 0

2 0 0

0 5

0 5

= ⋅ ⋅ ⋅ + ⋅ ⋅
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Solution of the system of equations (1) provides find transmission coefficient detectors channels at random 
variation of phase shift:
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To determine the optimal phase shift variation we find in which variation the accuracy of the calibration of 
the detector will be maximum. Evaluate error ratio determination module of transmission coefficient channels 
K depending on the variation of the phase shift. Make replacement: 
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ϕ
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2
1

2

.
 

Figure 2. Generalized block diagram of the two-channel vector voltmeter
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Error of measuring voltages U1, U2, U3, U4 caused by noises one voltmeter, so we can make the 
assumption that they are equal. Present them as relative δU. Accordingly, we write the expression for K 
considering errors:

K
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U
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U
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≈ ⋅ + − ⋅ + ⋅ +
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We write the expression that characterizes the error ratio determination module of transmission coefficient 
channels K:
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From equation (4) it follows that the error of K will be minimal at sinγ = 1, or at γ = π / 2. In general, the error of 
determination K by variations of angle phase shift is proportional to 1 / sinγ. So to make variations on the basic 
inputs of synchronous detector should apply alternately sinusoidal and cosinusoidal voltage Uo.

The component of the vector voltmeters error, defined by equations (2) subsequently used to correct 
measurement results of the bridge-comparator.

Brief Characteristics of the Comparator:
- Zero shift at the main limits, not greater than 0.5·10–6

- Error of decimal transfer at the main limits, not greater than 0.5·10–6

- Sensitivity threshold of the comparator (without averaging), less than 0.01·10–6

- C → L transfer error, not greater than 10·10–6

- Sensitivity threshold of C → L transfer (without averaging), less than 0.1·10–6

- Zero shift of the R ↔ C comparator, not greater than 1·10–6

- Sensitivity threshold of the R ↔ C comparator, less than 0.05·10–6

- Error of direct transmission of the signal of the quantized Hall standard to the 10 kΩ measure-carrier (during 
the experimental investigations) 0.2·10–6

- Operating frequencies 1.0 and 1.59 kHz
The apparatus described above is functionally capable of reproducing the units of the parameters of 

impedance and transferring their dimensions, and can also provide a metrological backup for all the parameters 
of impedance with support, in principle, of only one of the standards of impedance parameters. It has been 
delivered to GUM, NIST, and BelGIM, and has been used to construct the State Standard of inductance of the 
Ukraine.

According to the results of comparisons of the program EUROMET.EM-S20 and EUROMET.EM-S26 use 
developed complex universal comparators shown in Figure 3a, unlike the combined transformer bridge 
has enabled the National Meteorological Center of Poland GUM order to reduce the measurement error 
of inductance and twice reduce uncertainty. According to the results of comparisons of the program 
COOMET.EM-S14 measurement uncertainty of State Primary Standard unit of inductance and loss 
tangent (DETU08/09/09) stored in SE “Ukrmetrteststandart” which is represented in Figure 3b, is 0.02 
mH / H [5–6].

                                                                   а)                                                                                                                                                                                          b)
Figure 3 Complex equipment: а) GUM (Poland), b) DETU08–09–09 (Ukraine)

Conclusions
It is shown that in general, the error of K caused by variations of angle phase shift is proportional to 1 / 

sinγ. To reduce the error proposed supporting inputs of synchronous detector alternately sinusoidal and 
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cosine voltage. The methodology for implementation of precision measurement and automation of electrical 
measurements proposed.

The optimizing system of reproduction and transferring of the immitance units enable the metrological 
laboratory to significantly reduce the costs of creating and storing standards, reduce the range of standards 
and equipment. So, therefore, increase in competitiveness through lower cost of operations of calibration and 
verification provide.
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Scientific novelty of this work: the development of scientific-based practical recommendations for the 
choosing of measuring instruments, the control of theelectrical energyconsumption in the housing and 
communal services and the socio-economic impact to the introduction of new types of electricity meters.

Nowadays, the problem of energy saving is relevant for many fields of activity, including housing and utilities. 
Energy consumption is increasing and prices are rising every year. Solutions to the problem of energy saving 
is discussed in the media, in articles, publications and in some conferences on energy saving. Alongside with 
laws and regulations, organizational and technical issues have a significant role in ensuring that real savings 
are done and the problems of metrological support in this sphere. Obtaining reliable measurements of energy 
resources is one of the starting points to solve these problems.

Currently, in Kazakhstan a great attention is paid to energy efficiency. The program for energy conservationand 
for regulation of natural monopolies is everywhere in the country, in the region of Almaty different types of 
tariffs on electricity were introduced. Now in Almaty and Almaty region for domestic consumers there are two 
types of payment: payment by time zones and tariff, depending on the volume of the electricity consumption.

According to the paragraph 36 of the decree of the Minister of energy and mineral resources of the Republic 
of Kazakhstan, from February 25, 2015 № 143 “On approval of the Rules of use of electric energy and the Rules 
of use of thermal energy”, electrical installations of consumers must be provided with the required metering 
devices for the accounting of consumed electricity from the supplier. This has been done to account for the 
power used by devices which are listed in the State registry to make sureof the uniformity of the measurements.

One of the conditions for introducing metering devices in the State Register of Kazakhstan is their compliance 
with modern metrological requirements.

In this regard, one of the most urgent tasks is to ensure metrological reliability and optimization of 
recalibration intervals (RI) for electricity meters used in the housing and communal services sector.

According to paragraph 7 of the Rules of use of electric energy, all electricity consumers should havemeters. 
At the same time, for each category of consumers, different counters are requireddepending on the amount of 
electricity consumed. For the consumer, the important issue is the acquisition of effective means of measurement 
with a sufficiently large recalibration interval which characterizes the period of metrological serviceable condition 
of the electricity meter.Recalibrationinterval affects the cost of control on the electrical energy consumption.

One of the main forms of maintaining measuring instruments (MI) in good condition is periodic checking. 
It is metrological services according to the rules set forth in special regulatory documents. The calibration 
interval should be consistent with the reliability requirements of measuring instruments. Calibration must be 
carried out through an optimally selected interval of time, called recalibration intervals.

Recalibration intervals need to be set according to calendar time (time for the use of measuring) for MI, changes 
of metrological characteristics which are aging related and do not depend on the intensity of operation.RI values 
are recommended to choose from the following range: 0.25; 0.5; 1; 2; 3; 4; 5; 6; 9: 12: 6K months, where K —  a 
positive integer. For the MI, in which a change in of the metrological characteristics (MC) is the consequence of 
wear of its elements, depending on u exploitation intensity, RI assigned to the values of operating time.

After finding the RI, MC are selected, which determines the state of metrological serviceability of the 
measuring instruments. As these characteristics are generally used basic error, standard deviation of the 
random component of the error, and some others. If the state metrological of serviceability is determined by 
several MС, then some of them selected the one on which this gives the greatest percentage of defects for 
verification. The question of reasonable choice of the length of CI is dedicated to a large number of works [1].

Currently, there are three basic ways to determine the duration of the RI:
• based on failure statistics;
• on the basis of economic criteria;
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• onfree assignment of the initial RI with subsequent adjustment during the lifetime of MI.The choice of a 
specific method for the determination of the duration of RI depends on the availability of initial information 
about the reliability and stability of MI.

Application of methods of calculation of RI, based on the statistics of hidden and evident failures, requires 
a large amount of experimental data on the processes of changing in MC time of measuring instruments of 
various types.

Determination of the recalibration interval on the economic criterion consists in solving the problems of 
the choice of this interval of which we can minimize the operating costs MIand avoid the consequences of 
possible errors caused by errors of measurements. One of the definitions of RI on the economic criterion has 
given in recommendation RMG 74–2004 “State system for ensuring the uniformity of measurements. Methods 
of determination of calibration and intergalibrationintervals of measuring instruments” [2].

The most universal is the method consisting in randomizing RI with subsequent adjustment of its magnitude. 
In case of minimal initial information is assigned an initial interval, and the results of subsequent verifications 
are initial data for adjustment.

This approach is discussed in recommendation MI 1872–88 “GSI. Exemplary recalibration intervals of 
measuring instruments.Method of determining and adjusting” and the international standard ISO 10012–1, 
“Requirements for guaranteeing the quality of the measuring equipment.”

It should be noted that the recalibration interval has a great influence on the metrological reliability of 
the device and the cost of the system for monitoring the flow of electrical energy. For the right selection of 
electric meter, a thorough study of its metrological characteristics, including the recalibration interval should 
be conducted.

Until nowelectric meters were produced and operated, which accuracy class was 2.5.
The main metrological characteristics studied are:
— The maximum permissible relative error, expressed in percent. It depends on the accuracy class, the value 

of the current in the load, the power factor. At nominal values of current power factor error (%) is equal to the 
number denoting the class of accuracy. Accuracy class of the meter is specified on its panel.

— The sensitivity threshold is the smallest value of the starting current, which begins with a continuous 
check of readings of electric energy. I.e., for each counter contains a so-called threshold value at which the 
counter starts counting electricity.

— The creep meter is also an important metrological characteristic. He determines that if in the circuit there 
is no current and voltage is above or below nominal (within tolerance limits), then the meter should register 
electrical energy.

The calibration interval of the electricity meter (calibration interval or recalibration interval) is important for 
the consumer characteristics —  can range from 6 to 16 years. For all types of electricity meters, recalibration 
interval is set when the entry in the State register of measuring instruments is specified in the description of 
the type of means of measurement for each type, as well as the passport on metering device.

Table 1.
Types of counters Recalibration interval, in years

Single-phaseinduction 16

Three-phaseinduction 6–8

Single-phaseelectronic 8–16

Threephaseelectronic 6–16

Electronicmulti-tariff 6–14

In general, the recalibration interval for different types counters are shown in the Table 1 above.
The results of the comparative analysis of the electronic meters and induction characteristics are shown in 

Table 2.

Table 2.
Comparison of characteristics of electronic and induction meter

Feature Electronic counter (meter) Induction meter

accuracyclass 0,2..2 2..2,5

typeofindicator LCD, Electromechanical Mechanical

the combination of active and reactive energy + -
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Feature Electronic counter (meter) Induction meter

reconciling the energy in two directions + -
the ability to measure power quality + -
the possibility of multi-tariff metering + -
storingthemeasureddata + -
the influence on accuracy of measurements of the network 
characteristics and load - +

the ability of detection of theft of electricity + -
thepresenceofinterfaces + -
the ability to use AMR + -
sensitivity to lightning and switching surges + -
electricityconsumption minor significant
theperiodofverification 16 years 8 years

We studied the advantages and disadvantages of electric meters.
The old ones, still installed in most of the apartments are induction, single —  rate meters, that is, they round 

the clock, consider the consumption of electricity at the same price, and to consider separately the “day” and 
“night” tariff can only new electronic dual tariff or multi-tariff meters.

One of the shortcomings of the old single-rate Electromechanical meters is —  wrong calculation of energy 
consumption at a load above the rated and the rated load of the old counters is exceeded everywhere. Indeed, 
in recent years the number of powerful appliances in the apartments has increased significantly and continues 
to grow.Another obvious drawback is the increase ofdanger. In the operation of the old meter, especially when 
theload are in excess of rated, there is a high risk of its failure and a risk of electrical fires.

Electronic two-tariff counters not only meet modern requirements and standards and have exceptional 
accuracy, the error rate of individual models of electronic meters is up to 0.5 %.

A new two-tariff counters have a number of additional functions, such as displaying the current power 
consumption, “memorizing” the results of the previous settlement period, remote removal of indicators thanks 
to digital interfaces, as well as other useful additional services.They serve on average 25–30 years, and help to 
save energy and therefore your money.

Along with the advantages of the new meters they also have disadvantages:
1. If the normal count is approximately 2200 tg, multirate 9,000 tg and above.
2. In addition, by itself, such as a counter is a very complex device with an autonomous power from lithium 

batteries. These counters are checked by the state every 16 years, as well as single-rate meters, but they need 
a replacement of the lithium battery in a shorter delay.

In this work based on research conducted by the aforementioned metrological characteristics of modern electric 
meters, as well as the recalibration interval and metrological reliability, practical recommendations of their choice.

Recommendations regarding the selection of an electric meter.
If you select a single-rate or a multi-rate meter, you need to calculate everything when you use the electrical 

power in daytime, on-peak or semi-peak time, there is still money to save by installing the multitariff counter.
Experts say that consuming electricity during night time, we will cost approximately 4 times less than during 

the daily rate. Savings on electricity in the “peak zone” has of approximately 25 % of the daily rate.
In each case it is necessary to calculate the efficacity of multi-rate meters, depending on region, type of 

settlement (rural or urban), the type of stove (gas or electric), consumers, and other factors.
Electricity meters must be subjected to verification in the following cases:
1 Expired recalibration interval
2 Broken sign verification (calibration seal)
3 Suspicion on the consumer for improper operation of the device
4 Notice of verification of metering devices from the power supplying organization or other authorized 

persons
5 When installing a new measuring instrument, to pay attention to the year of calibration: on newly installed 

meters, verification not older than 12 months must be sealed
On the basis of the work, it was found that in spite of the above disadvantages in practice used mostly 

classical induction meters. They are quite reliable.
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The results are presented of key comparisons of national voltage standards of the Republic of Belarus and Russian 
Federation using a quantum transfer standard at 10 V. The comparison results are in good agreement with the reference 
value of the BIPM voltage standard: the voltage difference is 0,9 nV at a combined standard uncertainty of 2,6 nV.

Introduction. The Josephson effects occur if two superconductors are weakly coupled, e. g. by separating them 
by an insulating layer of a few nanometers in thickness. Irradiation of this Josephson junction with microwaves 
(being an electromagnetic wave) creates between the superconductors discrete voltage levels depending only 
on the ratio of fundamental constants and the frequency of the microwaves. It is the most accurate method 
to generate or measure voltage and, by international agreement, is the basis for voltage standards around the 
World. In the BelGIM was conducted comparison of the Josephson voltage standards at 10 V of the Republic of 
Belarus (BelGIM) and Russian Federation (VNIIM). In the Mutual Recognition Arrangement (MRA) it is stated that 
the metrological equivalence of national measurement standards will be determined by a set of key comparisons 
chosen and organized by the Consultative Committees of the CIPM working in close cooperation with the Regional 
Metrology Organizations. The RMO key comparison supplementing the COOMET.EM.BIPM-K10.b comparison was 
carried out to link COOMET national laboratories. The purpose of this comparison is to link the voltage standard 
of BelGIM (Belarussian State Institute of Metrology) to that of the VNIIM (D. I. Mendeleyev Institute of Metrology) 
in the frame of the COOMET-RMO key comparisons and have link to BIPM voltage standard. In the KCDB, the 
deviation of the result obtained by BelGIM from the BIPM value will be indicated with value of the combined 
uncertainty obtained in measurements BelGIM —  VNIIM and VNIIM —  BIPM [1]. The transfer quantum standard 
was used for this comparison. The transfer standard was developed specialists VNIIM together with the National 
Metrology Institute of Germany (PTB). Earlier this transfer standard involved in comparison of the Josephson 
voltage standards of the VNIIM and BIPM, which took place in France [2–3]. The comparison with the application 
of this standard has been decided to be held in the Republic of Belarus. The choice fell on the measuring lab is not 
accidental. This is primarily the result of years of professional cooperation of Russian and Belarusian metrology 
plus modern equipment laboratory measurement of electrical quantities.

The transfer standard (TS) was transported was to 
BelGIM. TS has an cryoprobe with Josephson array, 
shielded from the Earth magnetic field. Cryoprobe 
design allows it to change its size, which provides 
compactness of the TS during transportation. The 
microwave generator circuit was isolated from the 
TS frame. Built-in filters allowed TS to operate with 
or without TS chassis grounding. After dipping in a 
Dewar with liquid helium the TS probe was kept there 
for at least 4 hours prior to the measurements.

The BelGIM voltage standard is based on the 
supraVOLTcontrol system. The system features a 
3-channel Josephson Voltage Standard (JVS) with 
microprocessor-based control and allows calibration of 
voltage standards and external voltmeters. To maintain 
a high accuracy of the nanovoltmeter (used as a null 
detector), at the beginning of each working day the 

system option “Calibration nanovoltmeter” was used, after which the amplification factor was saved in the system’s 
memory [4]. For measurements by the transfer standard, the secondary standards calibration mode M1 and comparison 
mode M2 were used. The photo the Josephson voltage standards during comparison in BelGIM are shown in Figure 1.

Fig.1 Photo the Josephson voltage standards during comparison.
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Measurements methods
The TS was measured at BelGIM using voltage standard. After the measurements the TS was transported 

to VNIIM, where it was measured it was measured against the VNIIM standard. For the realization of 10 V 
voltage both BelGIM and VNIIM standards use type SIS Josephson microcircuits. During the comparisons the 
measurements of voltage difference of the TS and the used standard are performed.

The measurements are carried out for two polarities and the results are averaged [5–6]. Measurement 
conditions including the laboratory room temperature, relative humidity and air pressure were monitored. 
The TS frequency was synchronized with the frequency of the compared standard.

In the M2 mode the BelGIM standard measured the voltage realized by the transfer standard as follows:
 The BelGIM standard changed the present frequency which allowed obtaining a voltage difference of 1 μV, 

the maximum allowed difference measured by the nanovoltmeter having been set to be 500 μV.
 The resistance of the measuring terminals of the BelGIM standard was 3 Ω, the resistance of the measuring 

terminals leakage was 90 GΩ.
 The resistance of the TS measuring outputs was 10 Ω, the resistance of the measuring outputs leakage is 

more than 100 GΩ.
 Output voltage control and monitoring of TS parameters is performed by compact bias unit based on batteries.
 The result of a single measurement includes for positive and negative Josephson voltage offsets in both systems.
 The number of single measurements was 8.
 The result that was used for the further measurement analysis was the average of the single measurements.
 The time of single measurement reading was about 10 minutes.
 Time to obtain the result from 33 reading was about 5,5 hours.
The TS voltage is measured with the VNIIM using nanovoltmeter Keithley 2182A [3]. The TS voltage is defined 

as a mean voltage value measured at the two polarities of the VNIIM standard output voltage. Measurements 
were carried out for different operation modes of the measurement circuit, including: enabling and disabling of 
the galvanic coupling between the TS and the reference frequency source of 10 MHz; TS microwave generator 
power line supply or battery supply; measurements with switched off cooling fan in the TS microwave generator.

Results
The results of measurements of the voltage 

difference between the BelGIM standard and the TS 
are shown in Figure 2. Mode M2 was used in points 1 
to 32, mode M1 was used in point 33.

In this way, results of the TS and BelGIM standard 
comparisons:

Voltage difference is defined as

       (1)

where D  —  the degree of voltage equivalence, 
reproduced the compared standards.

Uncertainty type A and uncertainty type B are 
defined as

 
    (2)

    (3)

The results of measurements of the voltage 
difference between the VNIIM standard and the TS 
are shown in Figure 3.

In this way, results of the TS and VNIIM standard 
comparison:

Voltage difference is defined as
  (4)

Uncertainty type A and uncertainty type B are 
defined as

               
  (5)

Fig.2 The results of measurements of the voltage difference between the 
BelGIM standard and the TS.

Fig.3 The results of measurements of the voltage difference between the VNIIM 
standard and the TS.
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    (6)

Degree of equivalence with respect to reference value
The reference value is the BIPM voltage standard value, which is assumed to be time- independent. The 

reference voltage value is disseminated from the BIPM by means of the results obtained in the comparisons of 
the TS and BIPM, VNIIM and BelGIM standards.

The degree of equivalence D between the BelGIM and BIPM voltage standards is calculated on the basis on 
the BIPM–VNIIM and VNIIM-BelGIM comparisons using the TS with the uncertainty

   (7)

   (8)

The results of the voltage standards comparisons are presented in Table 1.

Table 1. The results of the voltage standards comparisons
Standard compared D, nV Combined uncertainty, nV

VNIIM-BIPM -0,105 2,04
BelGIM-TS 1,08 0,8*
TS-VNIIM -0,1 1,3
BelGIM-BIPM 0,9 2,6

*The value does not consist type B uncertainty of TS as it is included in TS-VNIIM measurements

Conclusion
The degree of equivalence between BelGIM and BIPM voltage standards at a 10 V voltage was obtained at 

the level of 0,9 nV with the combined uncertainty of 2,6 nV.
The conducted comparisons demonstrated high metrological characteristics of the BelGIM voltage standard 

and its reliable operation.
The uniqueness of these comparisons was that for the first time in Belarus, direct comparisons at a voltage 

of 10 V with accuracy up to units of nV was carried out using the standard based on the Josephson effect. The 
comparisons voltage standards of previous years were carried out using transportable measures based on the 
basis of Zener diodes having insufficiently stable characteristics due to the noise of measures, which did not 
allow to obtain such precision in determining the value of the voltage.

The results of these comparisons make it possible to link units of national standards BIPM and BelGIM 
comparisons completed using voltage standards of the VNIIM and the BIPM.
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Аnnotation
The report’s goal is minimizing of uncertainty type A while gear measuring on the coordinate measuring 

machine. Providing the necessary accuracy of the new gear measurements. The improvement necessity of 
unit’s transmission from coordinate —  measuring machine to specialized gear measuring devices method. The 
results of our study can be used to develop a protocol of international comparisons.

For solution the problem to achieve the required accuracy of measurements of the original product in 
Ukraine it is necessary to determine for which subordinate measuring instruments and products it is finally 
required. For this purpose, there should be analyzed the requirements for accuracy of manufacture of gears 
and, in particular, the requirements for the parameters of gear wheels that define the accuracy and smoothness 
of the mechanisms where gears are used. These parameters are:

– single pitch deviation;
– cumulative pitch deviation;
– profile total deviation;
– helix total deviation.
Currently, regulations governing the tolerances for the gears on the mentioned parameters, are the ISO 

1328–1, which harmonize the requirements for the production of gears with the requirements of European 
standards and the GOST 1643 in accordance to which requirements for tolerances for the manufacture of gears 
in Ukraine were specified for the last 50 years [1,2].

Comparative data of requirements for tolerances, for profile parameters, for the most accurate gears (3.4 
degrees of accuracy), and also for the most used in machine-tool building, machine building (5–7 degrees of 
accuracy) are shown in Fig. 1

As the analysis of graphs for profile parameters shows (taking into account that the data on tolerances 
for deviations in the profile in accordance with GOST 1643 is normalized only by one quantity that is the 
total manifestation of ff and fHα), the requirements of GOST 1643 and ISO 1328 practically coincide for high-
precision degrees, and for less accurate degrees of GOST 1643 sets more stringent demands for the accuracy 
of manufacturing gears than ISO 1328. Thus, the current system for ensuring the uniformity of measurements 
in the field of parameters of gears in Ukraine can be used further to provide the necessary accuracy of 
manufacturing gears. This system is based on —  the state primary standard of unit length for the parameters 
of the involute surfaces and the angle of inclination of the tooth line.

Section 2. Length and Angle

Fig.1 (a, b, c). Requirements for the tolerances on the helix form deviation (ff, fHα) for pitch diameter up to 125 mm and up to 3.5 units; 3.5–6.0; 6.0–10.0 μm in 
accordance of GOST 1643 and ISO 1328.

                           а)             b)                             с)
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Further improvement of the standard with the use of CMM allows to expand the possibilities of measuring 
other types of gears and their other parameters.

The first international comparisons of the measurement of gear parameters using CMM were carried out in 2008–
2010, where the coordinating country was Germany (RTV) [3], Ukraine (NSC “Institute of Metrology”) also participated 
in these comparisons among the other 6 countries: Germany, USA, Japan, China, Thailand, Great Britain.

Currently, Ukraine, along with Belarus and Russia, participates in additional international comparisons using 
CIM within COOMET, the coordinating country is Germany. Comparisons are at the final stage.

Measures provided by the NSC “Institute of Metrology”, Ukraine: cogwheel, angle of inclination of the tooth 
line, involute measure were used as measures of comparison.

In prospect, it is proposed to participate in the research of improving the scientific and technical capabilities 
in coordinate metrology.

The main goal is to provide industrial requirements and improve the capabilities of scientific institutions 
using coordinate technology.

To achieve these goals, it is proposed:
- to develop and implement modern methods of error accounting and their elimination to obtain a submicron 

level of uncertainty while using of CMM;
- to develop methods for selecting of a measurement strategy and traceability paths.
In carrying out these works it is planned to make comparisons, both bilateral and multilateral, to evaluate 

the method —  the development of methods.
With participation in these international works it is intended to use our results while measuring the 

parameters of the gears on the CMM.
Returning to the coordinate measuring equipment belonging to the NSC “Institute of Metrology”, we can 

say the following:
According to the manufacturer’s passport data, the limit of the permissible error of the NSC CMM is:

∆ = +
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μm,      (1)

where L- in meters
In accordance with the “Guide to the expression of uncertainty” [3], from the above expression, a standard 

uncertainty of type B can be determined:

U
kB

=
∆

3
,       (2)

Where k —  is a coefficient that takes into account the effect of correlation at P = 0.95.
For the maximum radius of the main circle of the involute measures, the type B uncertainty is 0.60 μm.
The structure of type B uncertainty includes all inaccuracies admitted by the program of certification of 

CMM, in particular:
- nonsphericity of the tip;
- the degree of compensation for the inaccuracy in the movement of the guide machines;
- the degree of compensation for the inaccuracy of the displacement of the tip, etc.
These values   can not be changed during the application of CMM and therefore the main influencing factor, 

from the point of view of CMM users, is a reduction in the random component of type A uncertainty.
Based on these provisions, we can assume that to obtain an expanded uncertainty of not more than 1.2 

μm, it is necessary to reduce the random component (type A uncertainty) to a minimum to ensure reliable 
transmission of accuracy between the standards

Analysis of the results of the experimental observations of the NSC “Institute of Metrology” has determined 
the main areas of research that must be done to improve the accuracy of measuring on the parameters of the 
gears on the coordinate measuring machine.

An important factor that affects the measurement results is the speed of the touch probe during the 
measurement. The table shows the RMS of results of measuring the accumulated error of the pitch of the gear 
wheel under the same external conditions and with the same setting on the measuring position, at a constant 
speed of the probe movement and at several different speeds.

The results of measurements of the accumulated error in the pitch of the gear

Parameters of gears RMSD of repeated 
measurements, V= const 

RMSD of repeated measurements, 
V=var 

Сumulative pitch deviation on the right profile, μm 0,090 0,220
Сumulative pitch deviation the left profile, μm 0,093 0,170
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As the results of experimental studies show, the standard deviation of the results of measurements at a 
constant speed is almost 2 times less than at with a varying speed.

The optimum speed can be determined from the comparison of measurement results obtained during 
international comparisons both within the framework of EURAMET and COOMET.

In addition to the speed factor of the probe movement while measuring the angle of inclination of the 
tooth line, in order to obtain unambiguous results, measurements should be made in the forward and inverted 
position of the measure vertically. The deviation of the axis in the forward and inverted position of the measure 
should not exceed 1 μm. In this case, the movement of the tip should be in one direction. For the result of the 
measurement, the arithmetic mean of the results obtained should be taken.

When measuring the pitch of the gear wheel and the accumulated step error, it is possible to move the 
probe without rebuilding the entire measuring head. In Fig. 2 is shown two schemes for measuring the pitch 
of the gear fixed to the measuring position.

Variant a) assumes carrying out of measurements without adjustment of a measuring head at an option b) 
assumes a minimum of three changes of a measuring head.

Since the measurement of gears refers to the type of geometric measurements, a significant effect on their 
result is maintained by the required temperature. In the future, it is necessary to determine the optimal location 
of the temperature sensors, their number depending on the type of measures measured at the CMM.

As shown by our experiments, the temperature deviation should not exceed (20 ± 0.3)°C to maintain the 
required accuracy.

It is also necessary to research the method of transferring a unit from the state standard, into which CMM 
will be included, to existing special measuring instruments that are verified (calibrated) by means of measures 
of the parameters of the gears.

Taking into account the above, it is possible to determine the main directions for carrying out further 
research in order to achieve the required accuracy of measurements of measures of the parameters of gears on 
a coordinate measuring machine:

- measurement in one position of the CMM measuring head;
- strictly prescribe the position of the measure in the measurement process.
- Determine the algorithm and the measurement mode.
The use of coordinate technology in measuring the parameters of the gears makes it possible to measure 

new sizes and parameters of the gears with the required accuracy.
It requires improvement of methods of transferring a unit from coordinate-measuring equipment to 

specialized instruments.
Also the results of this work will be used as a basis for the normative documentation on measurement 

methods for measuring the parameters of the gears.
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     а)               b)
Fig. 2. The deviation of the pitch of the gear fixed to the measuring position
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ThE REfERANCE RANGE fINDER BASED ON ThE 
fEMTOSECOND lASER fOR ThE lENGTh MEASuREMENT  
IN ThE RAGE uP TO 60 M. DESIGN AND APPlICATION

Denis А. Sokolov
FSUE Russian Metrological Institute 
of Technical Physics and Radio Engineering (VNIIFTRI), 
141570, Moscow region, Solnechnogorsk district, 
Mendeleevo working settlement.

The paper presents the purposes and objectives, the description of the operating principal and construction, 
results of metrological research, the details of the practical relevance of the research work on the range finder 
construction based on the femtosecond laser for the length reproduction in the rage up to 60 m

Research and development of the distant measuring systems using the femtosecond lasers are carried out 
in different laboratories of the world. This is due to the fact that the femtosecond oscillators of an optical 
frequency comb was discovered in 1999. They have measuring properties when a repetition frequency of the 
femtosecond pulses by a phase depends on a phase of a frequency standard.

One of the first works of Japanize specialists from NRLM (Tokyo) described the measurements of 240-m 
distance with the accuracy of 50 µm in an optical tunnel using a stabilized femtosecond laser.

In 2004, Jun Ye from NIST in his theoretical paper offered the high length accuracy scheme in the range from 
some meters to 106 m in the Space with an accuracy of an interference fringe using a femtosecond laser [2].

In the paper of Japanese scientists on the distant measurement using a long wavelength heterodyne 
interferometer [3] as a source of femtosecond laser radiation a stabilized optical comb is used.

They have proven that the absolute distant measurement is possible by scanning the band and frequency shifts.
The femtosecond technologies for distant measurements are described in this paper. The purpose is to 

develop and study the reference range finder based on the femtosecond laser that is the base of the prototype 
stationary complexes for metrological assurance of measuring means of the length in the range up to 60 m. 
This primary measuring mean provides an independent realization and storing of a linear unit.

To achieve this goal the following tasks were solved:
1. The experimental confirmation for the application of the range finder based on the femtosecond laser pulse 

repetition of a frequency of 61 MHz and the metrical arm of 60 m for the reproduction of a meter as a length unit.
2. Development and validation of the structural and optical scheme of the range finder using mirror optics.
3. Development of the mirror telescopic system of the compact size.
4. Eliminating false remirror of a splitting cube.
5. Estimation of the systematic errors of the range finder based on the femtosecond laser.
6. Updating the method and scheme of the interference maximum registration of the coincidence of 

femtosecond pulses with a period of 250 cm, determined by frequency pulse repetition of a laser of about 61 
MHz and that allowed to reach a high resolution:

а) selection and justification of the type registration using spectral and temporal characteristics of the 
interference pattern;

b) formulation and justification of the technical order to the developer of the  radioelectronic equipment.
7. Conducting metrological research for determination of the reproducibility of a length unit using the 

reference-measuring complex of the length in the range up to 60 m. 

The description of the operating principle, construction and ongoing research.
The paper presents the research and development results of the range finder based on the femtosecond 

laser stabilized by frequency pulse repetition from the rubidium frequency standard that is traceable to the 
State standard of time and frequency of GET 1–2012 using the direct comparison method for ensuring the 
traceability of the length unit to the State standard of time and frequency of GET 1–2012.

For reproducing the length unite in the range finder on the basis of the femtosecond laser the method 
based on the peak coincidence registration of the femtosecond pulses was applied. This method allows to 
generate a measuring scale unite equal to about 2.5 m. determined by the pulse frequency repetition of a laser 
equal to about 61 MHz. The pulse frequency repetition and hence the wavelength (a unit of a measuring scale) 
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is in a radio band and it is measured with a standard method. When having the system of phase control of the 
frequency from the frequency of the external rubidium standard the traceability to the time and frequency 
standard for the measurements of the frequency pulse repetition and measuring scaling unit is provided.

The Michelson non equal-sized interferometer is the heart of the setting that realizes this method. One of 
the arms of interferometers is a basic and short one and the other is long and metrical.

The Table 1 shows the scheme of the circuit set for the realization of the distance meter based on the 
femtosecond laser. The reflector no 4 moves along the measuring line by changing the path difference of waves 
between the arms of the interferometer and the acquisition equipment no 5 and detects the interference signals.

The internal phase modulation set no 3 allows periodically with a frequency of about 3 Hz to change the 
path difference of waves of the interferometer that is required to register the femtosecond pulse coincidence 
in the visual and digital signal processing.

The radiation source is a femtosecond laser no 1 on the wave length of 0.780 µm with the stabilization system 
of the frequency pulse repetition of 61 MHz. To obtain the high stability of the frequency pulse repetition the 
phase lock method on frequency from the external rubidium frequency standard that provides the traceability 
of the length unit from the State standard of time and frequency (GET 1–2012) using direct comparison method.

Table 1 —  the principal scheme of the laser range finder:
stabilized femtosecond laser; 2 —  splitting cubes; 3 —  the set of the internal phase modulation (the amplitude ± 500 um) and hollow corner reflector; 4 —  the 
hollow corner reflector; 5 —  the equipment for reception of the laser radiation)

The laser beam no 1 passes through the mirror optical system and hits the mirror-lens collimating system 
and further the collimating laser beam through the pointing mirror hits the laser beam divider no 2.

Passing the splitting cube no 2 the beam is divided into two parts: the reference length of about 0.3 m 
(the corner reflector with internal phase modulation set no 3) and the signal one that propagates along the 
measuring line till the corner reflector no 4. Then it returns to the other beam-splitting cube no 2 and after 
reflection with the reference beam they hit the receiving part no 5 on which the interference signal is observed.

Table 2. The signal of the femtosecond pulse interference by moving the reflector-measuring arm.
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The Table 2 shows the interference signal of two combined in space laser beams based on the distance Z 
along the measuring line.

This is a result of operation of the internal phase modulation and the coincidence of the femtosecond 
pulses from the reference and measuring arm. The signal in points A, B … (A, B are fixed points) becomes of a 
maximum level at the coincidence of the femtosecond pulses. The distances between nearly points A, B … are 
of the same length and equal to:

AB
A
nF

BC C= = = =
2

D ...

   
 (1)

where с —  the electromagnetic constant,
n —  the refractive index of a medium,
F —  the repetition rate of the femtosecond pulses.

The parameter n is calculated according to the metrological parameters (temperature, pressure, humidity) 
and carbon dioxide using the Edlen`s formula with error of about 1*10–8

.
The dependence no 1 is the basis for the above mentioned type of the range finder. Points A, B … on 

the axis Z, where the interference signal has the maximum value, are the fixed points. The representation of 
these points allows the scientist to develop the reference range finder for measuring the displacement of the 
physically limited of the long coherence length of the laser radiation and multiply to the unit of the measuring 
scale:

Λ

2 2
250= ≅

c
Fn

 см

For receiving a signal carrying information about the magnitude and the direction of “tuning” of the position 
of a corner reflector from the nearest reference point, it is necessary to introduce a phase modulation of the 
interfering beams, for example, the reference arm of the interferometer.

This is achieved by bringing in an oscillatory motion with a frequency of about 3 Hz and with an amplitude 
of about 0.5 mm of the corner reflector of the reference arm by means of a precision mechanical system. By the 
application of this original method, the fixed-point setting is caring out at low modulation frequencies, which 
is incomparably simpler to implement than to use the known methods of recording of the phase difference of 
the beat signals of the reference and measuring beams equal to multimode frequency of the laser and form 
several hundred MHz.

On the installation that implements the above described method the experimental studies of stability of 
the “reference” node, sensitivity to length changes of the path difference of the waves of the interferometer 

Table 1. The results of measurements of the length reproduction
Node

i
Time Frequency 

pulse repeti-
tion, Hz

The 
average 

tempera-
ture in a 
distance, 

ºC

Pressure, 
Pa

Humidity, 
%

Calculated 
reference 
distance, 
Liculcul, m

Amendment 
of reproduc-
tion of the 
reference 

distance δLi, 
mkm

Repro-
duction of 

length
Liculcul, m

Random 
error of re-
production
Sicalcul, mkm 

1 2 3 4 5 6 7 8 9 10
0 14–20 61898868.084 20.75 100145 41.5 0 -0.1 0.58
1 14–51 61898868.084 20.75 100145 41.5 2.420.9742 -0.7 2.420.9735 0.91

10 15–08 61898889.540 20.65 100135 41.5 24.209.7324 0.3 24.209.7327 0.91
20 15–24 61898889.540 20.60 100130 41.5 48.419.4632 0.4 48.419.4636 1.09
25 15–40 61898889.540 20.55 100110 41.5 60.524.3294 1.7 60.524.3311 1.02

Table 2. The comparison of the uncertainty units of the reproduced interval length with the same complex of RTB

№ Country Type of measuring 
means Range Item Uncertainty Item Confidence 

limit
1 FSUE VNIIFTRI Russia Laser interferometer 0…60 m Q[1, 0.8L]. L in m µm 95 %
2 RTB, German 50 m Measuring line of 

the Laser interferometer
0…50 m Q[13.4, 0.72L]. L in m µm 95 %

3 RTB, German 50 m Measuring line of 
the Laser interferometer

50…100 m Q[41, 0.72 (L-50)]. L in m µm 95 %
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of 2 m and 60 m, series of measurements of the length reproduction (Table 1) and a comparison of the 
uncertainty of the reproduced interval lengths with similar complexes of other countries (Table 2) were 
carried out.

Conclusions:
• The proposed pilot scheme of the distant meter based on the femtosecond laser confirmed the possibility 

of its application for reproducing the meter —  unit of length;
• the proposed pilot scheme of the distant meter based on the femtosecond laser allows to achieve the error 

of the length reproduction of 60m not more than 10 µm, which corresponds to the level of similar complexes 
in other countries.

The range finder based on the femtosecond laser has become a basic element in the composition of the 
pilot length measuring complex in the rage up to 60 m. After the approval of the distance meter as the State 
primary special reference standard of the length, it will become the basic reference standard for ensuring the 
uniformity of measurements of measuring means of the long and extra-long length.
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Section 3. Mass and related quantities
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CONSTANT AND ThE REAlIzATION Of ThE KIlOGRAM 
BASED ON SIlICON SPhERES
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38116 Braunschweig, Germany
edyta.beyer@ptb.de, Fax: +49 531 592 69 1188, 
Tel: +49 531 592 1188

Abstract
The determination of the Avogadro constant for the redefinition of the SI unit kilogram as well as the 

eventual realization of the kilogram by monocrystalline enriched 28Si-spheres require a reliable surface analysis 
on silicon spheres. A novel instrumentation for the quantitative surface analysis of silicon spheres combines 
X-ray fluorescence spectroscopy and X-ray photoelectron spectroscopy techniques in order to enable the 
characterization and quantification of the oxide layer and unintentional contaminations. The analysis relies 
on the combination of the complementary X-ray methods. Measurements on 28Si-spheres were carried out. The 
surface was characterized regarding the elementary composition including the chemical binding states of the 
components and the mass of the surface layer

1. Introduction
Since the present definition of the SI unit kilogram is based on an artefact, which is the international 

prototype of the kilogram, there is an aim to redefine the unit kilogram in terms of fundamental constants. 
The future definition of the kilogram will contain the Planck constant (h) whose numerical value has to be 
set by two independent experiments, and at least one with a relative measurement uncertainty of less than 
2∙10–8. One way to define a value for the Planck constant is based on the Avogadro constant (NA). Therefore, an 
accurate measurement of NA also provides an accurate determination of the Planck constant [1].

For this reason the Avogadro constant is determined by “counting” the atoms in two isotopically enriched, 
monocrystalline 28Si-spheres with a mass of one kilogram. For the determination of NA the following equation is used:

     
 (1)

With the molar mass (M) and the lattice parameter (a) of the silicon crystal, n = 8 being the number of atoms 
in a unit cell, the volume (V) and the mass (m) of the sphere [2].

Due to the always present surface layer on silicon, correction parameters have to be applied to the mass 
determination to achieve an accurate value for NA. The surface layer is dominated by the silicon oxide layer but 
also consists of unintentional layers like carbonaceous contaminations and water (Figure 1). The mass of the 
surface layer has to be subtracted from the mass value of the sphere in order to obtain a small measurement 
uncertainty for the Avogadro constant. Thus it is necessary to measure the mass of the surface layer on silicon 
spheres.

In addition to the Avogadro constant the 
knowledge about the surface layer is also crucial for 
a future primary realization of the kilogram based on 
isotopically enriched, monocrystalline 28Si-spheres. 
The mass of the silicon core will then be determined 
by the number and mass of silicon atoms in the sphere 
whereto the mass of the surface layer has to be added 
to achieve the total mass value.

Previously the mass of the surface layer on silicon 
spheres has been determined with reference based Figure 1 Model of the surface layer on silicon
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X-ray fluorescence analysis using synchrotron radiation. The measurements were limited to only three areas on 
the sphere. Also the surface layer determination and the mass measurements were located in different cities, 
so it can be assumed that the surface layer, especially the carbonaceous contamination layer has been altered 
between the surface analysis and the mass measurements. Furthermore the assumption was made that all 
oxygen on the surface is bound in SiO2 and not in water or carbon layers [2].

To overcome the above mentioned barriers an instrumentation for combined X-ray analysis was set up to 
characterize and quantify the surface layer of silicon spheres with the opportunity to analyze every spot on the 
surface and link mass and surface measurements.

2. Instrumentation
The novel instrumentation provides combined meas-

urements with X-ray fluorescence spectroscopy (XRF) 
and X-ray photoelectron spectroscopy (XPS) on spheri-
cal objects with diameters of about 93.7 mm (cf. figure 
1). The analysis methods rely on the detection of fluores-
cence photons and photoelectrons respectively. Both 
are emitted by the sample surface as a consequence 
to excitation with X-rays. The excitation source is an Al 
Kα X-ray tube with a quartz crystal monochromator.

To enable measurements on spherical samples, the 
ball manipulator inside of the measurement chamber 
is an essential part of the instrumentation. It allows 
measurements on every point on the sphere´s surface 

and the change of the measurement geometry, especially the angle of incidence.
Beside spherical samples also flat samples can be measured in the instrumentation with the help of a mount 

for twelve samples.
Another uniqueness of the ultra-high vacuum instrumentation is its load lock that features a transport 

system allowing a sphere to move to a mass comparator under vacuum conditions. Thus surface analysis and 
mass determination can be carried out successively, with a lower risk of significant changes of the surface layer. 
The transfer is based on a portable vacuum container that is located in the load lock and can be attached to 
the load lock of a mass comparator as well.

3. Surface analysis by combined XRf and XPS measurements
The absolute quantification of the mass of the oxide layer is based on XRF measurements. The quantification 

approach relies on the correlation between the mass deposition of an element in an area to its fluorescence 
intensity [3]. A reference based quantification scheme is applied. Reference samples that were previously 
calibrated with X-ray reflectometry and reference free XRF with different thicknesses of silicon oxide layers are 
measured in the instrumentation with XRF. The ratio of the oxygen and the silicon signal from the calibration 
samples is used to derive a calibration curve to which the results of the sphere measurements are compared. 
By this way the mass deposition of oxygen on the surface of a sphere is obtained.

Figure 2 XRF/XPS-Instrumentation

Figure 3 XRF-spectrum with Al Kα radiation from an X-ray tube Figure 4 Spectrum of the Si2p photoemission
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Figure 3 shows a fluorescence spectrum from a single point on the sphere and its fit of the model spectrum 
convoluted with detector response functions that were determined by a synchrotron radiation based 
calibration [4], fluorescence lines and as well different background contributions [5]. The count rates for the 
fluorescence lines of silicon and oxygen were determined from the deconvolution.

Due to the low resolution of the energydispersive fluorescence detector it is not possible to distinguish 
different contributions to a fluorescence line of an element. E.g. the oxygen peak is caused not only by oxygen 
bound in the silicon oxide layer but also from the oxygen in the contamination and water layer. A quantification 
of the oxide layer mass based only on XRF would lead to systematically higher mass values than the actual 
ones. This fact reasons the necessity of the XPS.

With the higher spectral resolution of the electron analyzer XPS allows the determination of the oxidation 
states of atoms and their assignment to different chemical species. Especially for the silicon atoms additional 
information about the silicon oxides on the sample surface is obtained. The photoelectron spectrum has a better 
resolution and smaller background contributions than the fluorescence spectrum, thus it allows an identification 
of elements in the sample. The survey spectra of the silicon sphere exhibit the elements silicon, carbon and oxygen, 
which are expected for a Si surface handled in ambient conditions. No further contamination was detected.

The detailed scan of the Si 2p photoemission area exhibits the distribution of the silicon in the bulk, in the 
silicon dioxide layer, and in the various suboxides present at the interfaces (cf. figure 4).

With XPS the relative element concentration of each element in the surface can be determined. The relation of 
oxygen to the silicon oxide component of the Si 2p peak shows, that there must be oxygen that is not bound in 
silicon oxide which agrees with the surface layer model mentioned above. The ratio of silicon oxide to oxygen is 
used as a correction factor for the mass deposition of oxygen gained through the XRF analysis. In this way the mass 
deposition of silicon oxide on a silicon sphere is determined by the combination of information from XRF and XPS.

4. Results
Exemplarily the results of the measurement of one 28Si-sphere are shown. The sphere was measured on 216 points 

on the surface with XRF and XPS. The measurements were carried out consecutively. All spectra were fitted.
With a Si/O-ratio of 0.43 the mass deposition for oxygen of 132.62 ng/cm² and the surface area of the sphere 

the mass of the surface layer excluding the carbon is 64.1 µg with a standard uncertainty of 6.7 µg. The mass of 
carbon has been derived by XPS only. Its value is 7.8 µg (standard uncertainty 3.9 µg).

Without using the silicon to oxygen ratio obtained from the XPS the measurements and thus assuming that all oxygen 
is bound in the oxide layer would have led to a value for the surface layer of 68.6 µg and a standard uncertainty of 6.7 µg.

5. Conclusion
The combined XRF/XPS-instrumentation allows the quantification of the surface layer on the whole sphere ś 

surface avoiding the assumption that all oxygen is bound in the silicon oxide. The ratio of silicon in silicon dioxide 
to oxygen gives information about the distribution of oxygen between the oxide layer and the other unintentional 
layers like hydrocarbons and water. As shown in the results, the assumption, that all oxygen is bound in the silicon 
oxide layer would lead to a total mass of the surface layer that is about 4 µg bigger than the real value.

Owing to the vacuum transfer system the analysis can be linked to mass measurements without altering the 
surface layer. Several measurement cycles of mass and surface determination under vacuum conditions can 
be carried out.

Surface analysis on silicon spheres decreases the measurement uncertainty of the Avogadro and Planck constants 
and, corresponding to this, a realization of the kilogram via silicon spheres can be improved. In further investigations 
also the long term stability of different silicon spheres will be analyzed to gain knowledge about the long term 
behavior of spheres as mass standards, as changes of the spheres are expected predominantly in the surface layer.
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The objective of the present article is to find a relationship for a pulsating flow of an ideal liquid. Such a relationship 
must serve as a basic model for the solution of the problem of measuring the velocity of flows of actual liquids and gases. 
A method of variable pressure drop based on constrictions will be considered in the article, as it is one of the simplest 
and most commonly employed methods used for the measurement of flows and quantities of liquids and gases.

By [1, 2, 3, 4], as the frequency of pulsations increases the local component of the acceleration of the liquid 
introduces the basic contribution to the measurement error. Let us model a process involving the flow of a liquid, 
taking into account this component. The movement of an ideal liquid is described by Euler’s equation [5]:

∂

∂
+ ⋅∇ = − ∇

V
t
V V p

1

ρ
,

     
(1)

where V, ρ and p are the velocity, density, and pressure of the liquid, respectively; t, time; and ∇ is the Hamiltonian 
operator.

In solving different types of problems, Eq. (1) is complemented with an equation of continuity, represented 
by the law of conservation of matter:

∂

∂
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ρ
ρ

t
V( ) .0
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It is known that j = ρV is the density of the flow, from which the quantity of liquid traveling in unit time through 
a unit of area situated perpendicular to the velocity is determined [5]. Due to difficulties involved in integration 
of Eqs. (1) and (2), when solving different types of problems it is assumed that the liquid is incompressible and 
that its motion is steady-state, hence the local components of the derivatives of the velocity and density are 
set equal to zero, after which the equation is easily integrated. Following integration, Eqs. (1) and (2) become 
standard equations that serve as the basis of many methods used in the measurement of flow rates and the 
quantity of liquids and gases, for example, Bernoulli methods and the method of continuity of a flow.

We will find a solution of Eq. (1) for a one-dimensional flow of a pulsating ideal liquid and assume that within 
the scope of the problem its density is constant. For this purpose, we first replace the partial derivatives by 
infinitely small differences and rewrite (1) in the following form:

dV
dt

V
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dp
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+ = −
1
ρ

.     (3)

We next divide Eq. (3) by the convective component of the derivative of the velocity. Reducing similar terms, 
we obtain

dx
Vdt

dp
VdV

+ = −1 1
ρ

.      (4)

In (4), we replace the increment dx by a finite characteristic length L of the channel and the time increment 
by a finite interval of time, which we denote 1/ƒ, and then rewrite (4) as

Lf
V

VdV
dp

+ = −





1

ρ
.     (5)

where ƒ is the frequency of the pulsations of the flow.
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We next remove the parentheses and integrate (5), after which we deduce the expression

V Lf
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 ρ

.     (6)

where Sh = Lƒ/V is the Strouhal number, which is a measure of the nonsteadiness of a pulsating flow of an ideal liquid.
We rewrite (6) in the form of a solution of Eq. (1) for a pulsating flow in the following form:

V
Sh

p
const

2

2
2 1+ + =( )

ρ
.     (7)

Thus, (7) is the final equation of motion of a pulsating flow of an ideal liquid. Carrying out analogous 
arguments, we find a relation for the equation of continuity of a flow for the case of a pulsating flow of liquid:

j Sh const+ =( )1 .     (8)

For Sh >> 1, the flow is assumed to be unsteady and the 
local component of the acceleration begins to dominate 
its convective component. The latter circumstance is 
taken into account in (7) and (8) by a nonzero Strouhal 
number. For Sh << 1 or Sh → 0, the two expressions (7) 
and (8) become Bernoulli equations and the equation of 
continuity for a steady flow.

A graph that expresses the dependence of the density 
of the flow on the velocity of the flow is presented 
in Fig. 1. From the graph, it follows that ignoring the 
frequency of the pulsations may lead to additional errors 
in measurements of the flow, while the density of the 
velocity of the flow grows significantly with a growth in 
frequency. We may derive relationships that implement 
a technique for measuring a pulsating flow of a liquid on 
the basis of Eqs. (7) and (8).

The process by which a pulsating flow travels is 
depicted in Fig. 2. To compile the motion equations, we will consider two sections, using the methods of 
hydrodynamics and geometric similitude. From (7), we find, using Fig. 2, the following equation:
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where V1 and V2 are the flow rates in the first and second sections, respectively; Sh1 and Sh2, Strouhal numbers in 
the corresponding sections; p1 and p2, pressure of the fluid before and after the constriction; and ξ, coefficient 
of hydraulic resistance.

The flow rate in the first section may be expressed from (8) as follows:
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where μ is a coefficient that takes into account the constriction of the current, and β is the ratio of the diameter 
of the constriction d to the diameter of the pipeline D.

We introduce into (9) and (10) the pressure tap coefficient Ψ = Δp*/Δp, where Δp* = p1 —  p2 is the pressure 
drop in the constriction and Δp the pressure drop fed to the input of the measurement transducer. We write an 
expression for the velocity of the liquid in the second section as
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where α is the flow coefficient; the Strouhal number, which is related to the pulsating nature of the movement, 
occurs in the flow coefficient.

Fig. 1. Comparative dependence of density of flow on velocity for different 
values of the frequency of the pulsations: 1) ƒ = 0 Hz; 2) ƒ1 = 10 Hz;  
3) ƒ2 = 20 Hz; 4) ƒ3 = 30 Hz
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Let us now derive an equation for the flow 
coefficient of the inlet E, which may be written in 
terms of the ratio of the kinetic energy of the flow 
to the potential energy, expressed in the form of the 
pressure drop in the constriction. We determine this 
coefficient by jointly solving Eqs. (7) and (8):
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Dividing the flow coefficient in Eq. (11) by Eq. (12), we obtain the efflux coefficient of the constriction for a 
pulsating flow:
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Thus, in this case the efflux coefficient C is also a function of the Strouhal number.
It is easily noted that if the Strouhal number vanishes, the quantities determined from formulas (11)–

(13) assume the traditional values for steady-state motion of a liquid. Consequently, for pulsating flows the 
traditional Reader–Harris or Stolz equations used to find the efflux coefficient require some modification 
through the introduction of the Strouhal number.

We may now write an expression for use in determining the flow rate of a liquid:
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The distinctive feature of the proposed method consists in the presence of the Strouhal number, which 
occurs in the efflux coefficient and takes into account the nonsteady nature of the flow. Consequently, for 
nonsteady flows of liquid it is necessary to have corresponding expressions for the efflux coefficients and 
the rate of entry. In the case of measurements of the velocity of a nonsteady flow of gas, a corresponding 
coefficient of expansion must also be found. The basic assumptions of the proposed method must be verified 
by simultaneously measuring the frequency of the pulsations of the flow through a particular section of 
the pipeline and the velocity of the flow, i. e., by establishing a dependence of the efflux coefficient of the 
constriction on the Strouhal number. As the frequency of the pulsations increases for one and the same flow 
rate, the recorded flow rate of the substance will increase, acquiring an additional acceleration (cf. Fig. 1). After 
experimental data have been obtained, the method may be extended to actual liquids and gases.

Main results of this paper were published in the papers [6, 7].
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Summary: Creation and research of national humidity standard of gases unit is a part of the program of 
metrology infrastructure development, approved by the Government of Moldova. It is one of the prime steps 
in ensuring the uniformity of measurements in the country since in the Republic of Moldova was a lack of 
standard base in this field of measurements. As a result, economic agents were forced to invest more in the 
measurement provided in other countries, which inevitably led to higher costs for maintaining quality of the 
domestic production. In this paper, the principle of the realization of humidity unit gases and further transfer 
to measuring instruments are described. For the qualitative implementation of the foregoing, the main 
components of the measurement uncertainty are presented.

Introduction
Humidity measurement is an important part of many fields of national economy, such as:
- wood industry (monitoring of drying process of wood and wood products);
- food industry;
- agro-industrial sector (in order to know: the irrigation rational soil moisture, humidity of cereals for a better 

harvesting and storage timing, humidity of industrial plants etc.)
- trade activity (import, export);
- biology and medicine (germination, fermentation, diagnosis, treatment);
- pharmaceutical industry [1].

In order to reduce the negative impact of humidity 
on the economy sectors of Republic of Moldova we 
need to know humidity values with a high degree of 
certainty. This requires a national standard for gases 
humidity which will be able to collect, preserve and 
transmit the measurement unit of humidity. Creation, 
research and development of the national standards 
is a primary function of the National Institute of 
Metrology (NIM). At the same time, it is responsible 
for the transmission of measurement unit towards 
the measuring instruments used by economic agents 
from Moldova.

Another very important aspect is to ensure the 
uniformity for gas humidity measurement respecting 
the traceability of the national measurement unit 

to primary international standards, and finally, to SI units (K Pa) [2]. This is necessary in order to give to the 
economic entities the opportunity to perform the calibration of measuring instruments in the Republic of 
Moldova, and in such way to reduce costs.

The hierarchy of humidity standards is presented in Figure 1.

NATIONAl huMIDITY STANDARD Of GASES (NhSG)
During the selection process of the proper equipment needed for creation of NHSG several important 

factors have been taken into account, such as:
• Measurement accuracy required by economic entities, in order to satisfy the country’s needs;
• Scientific and technical progress in the field;
• The practice of other countries in creating national standards;

Figure 1. The hierarchy of humidity standards
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• Technical and economic arguments.
Since Moldova is party to various international professional organizations, including the Interstate 

Council for Standardization, Metrology and Certification (EASC), the requirements specified in the interstate 
document GOST 8.457–2009 „State system for ensuring the uniformity of measurements. State verification 
schedule for means measuring humidity of gases” [3] were taken into account. NIM is currently registered in 
the key comparison of the regional organization COOMET, entitled 544/RU/11 „Regional comparison humidity 
standards of gases. Dew/frost point temperature –50 °C to +20 °C” [4].

As a result the following equipments have been purchased:
1. Humidity Generator, model 2500ST produced by Thunder Scientific (Figure 2), which is an automated 

system able to reproduce various values of humidity, in a wide range of temperatures, and will be used for the 
calibration of measuring means of both the relative humidity of the air, and temperature.

2. Dew point standard hygrometer, model Dew Point Mirror 373H, produced by MBW, Switzerland (Figure 3).
Technical and metrological characteristics of Humidity generator, model 2500ST, and Dew point standard 

hygrometer, model Dew Point Mirror 373H, are given in Table 1 and Table 2, respectively.

Table 1. Technical and metrological characteristics of Humidity generator, model 2500ST
Relative humidity range 10 ÷ 95 %
Relative humidity display resolution 0.02 %
Relative humidity uncertainty 0.5 % RH
Chamber temperature range - 10 ÷ 70 °C
Temperature display resolution 0.02 °C
Chamber temperature uniformity 0.1 °C
Chamber temperature uncertainty 0.06 °C
Chamber pressure uncertainty 0.15 %

Hygrometer Model 373H fulfills the best performance achieved in the humidity measurement. It is based on 
optical detection technology of the condensing moment on the cooled mirror.

Table 2. Technical and metrological characteristics of Dew point standard hygrometer, model Dew Point Mirror 373H
Dew point measuring range (–30 ÷ 70)°C

Relative humidity measuring range 0.5 ÷ 100 %

Dew point accuracy ± 0.1 °C

Dew point reporductibility ± 0.05 °C

Mirror cooling 3-stage Peltier thermoelectric

Measuring uncertainity 0.04 °C

In order to minimize the influence of the human factor and, to increase the accuracy of measurement, 
the laboratory is equipped with specialized software applications capable to minimize the operator’s 
intervention.

Figure 2. Humidity generator, model 2500ST Figure 3. Dew point standard hygrometer, model Dew Point Mirror 373H
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ThE METhOD Of REAlIzATION ThE huMIDITY uNIT Of GASES
Realization of the gas humidity unit is based on the two-pressure method of producing known atmospheres 

of relative humidity and assumes that the water vapor pressure remains a fraction of the total pressure, known 
as Dalton’s Law of Partial Pressure. Dalton’s Law states that the pressure exerted by a mixture of gases in a given 
volume at some temperature is equal to the sum of the pressures which would be exerted by each individual 
gas if it alone occupied the volume at the same temperature [5].

P = p1 + p2 + … + pn

where: p1, p2, pn —  partial pressures of each component.
The two pressure method (shown in elemental schematic form in figure 4) involves saturating air, or some 

other gas such as nitrogen, with water vapor at a given pressure and temperature. The saturated gas then flows 
through an expansion valve where it is isothermally reduced to chamber pressure. If the temperature of the 
gas is held constant during pressure reduction, the humidity, at chamber pressure, may then be approximated 
as the ratio of two absolute pressures.

RH
P% .≈ chamber

saturatorP
100

Humidity produced in the test chamber of 
this system does not depend on devices such as 
psychrometers, dew point hygrometers, or solid state 
sensors for the measurement of water vapor content. 
Humidity that is produced is solely dependent on 
the measurement of absolute pressures and on the 
maintenance of isothermal conditions. Precision 

humidity generation is determined by the accuracy of these pressure measurements and uniformity of 
temperature throughout the generating system [6].

ESTIMATION Of uNCERTAINTY Of MEASuREMENT
Measurement uncertainty estimation is carried out in accordance with SM SR ISO/CEI Guide 98–3:2011 [7] 

and it is quite difficult due to both the large number of influential factors and complexity of determining 
relations for humidity unit. For example, the mathematical model for uncertainty estimation in the case of dew 
or frost point temperature measurements can be expressed by next equation:
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Dew/frost point can be determined from the following relation:
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Where:
f(ts,Ps), f(tc,Pc)  —  multiplication factors evaluated at saturation temperature and pressure, and chamber 

temperature and pressure, respectively;
es —  saturation vapor pressure;
ew —  saturation vapor pressure over water;
eg —  saturation vapor pressure over ice;
ηs —  saturation efficiency;
td, tf, tc, ts —  dew/frost point temperature from chamber and saturator;
Pc, Ps —  chamber and saturator pressures.
In this case, uncertainty components related to dew/frost point generation are due to saturator and chamber 

pressures, saturator temperature and efficiency. For example, the uncertainty due to the saturator temperature 
u(ts) will be:

u t u t u t u t u e u t
c s s s drift s rez s effr

2 2 2 2 2 2
( ) ( ) ( ) ( ) ( ) ( )= + + + +δ δ δ    (5)

δts is the contribution given by the calibration of temperature transducer of the saturator:

Figure 4. Elemental schematic form of the two pressure method
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Uts —  expanded uncertainty (for k = 2), from the calibration certificate.
Contribution given by the temporal drift of the temperature transducer of the saturator  —  δts drift. The 

deviation of the indication as against to the last calibration is estimated from calibration history. This temporal 
drift (dts) cannot be used as a correction, but may be taken into account in the uncertainty evaluation. The 
standard uncertainty of this rectangular distribution is:

u t
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ts( ) =
3       

(7)

Contribution given by the temperature transducer resolution —  δts rez. The associated uncertainty of this 
rectangular distribution is:
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The uncertainty due to the equation for vapor pressure calculation —  ur(e). Pressures es and ec represents the 
pressures of saturated vapors calculated, using the equation Hardy [8], at saturator and chamber temperature, 
respectively.
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where T = t + 273.15 represents the temperature in K; ai —  interpolation coefficients according to Hardy 
relation.

Ideally, in the generators based on “two pressure” principle, the saturator and chamber temperatures are 
identic, and the saturation pressure ratio es/ec = 1. However, in a real system, there is a little difference between 
these two temperatures, and they should be measured. The associated uncertainty due to calculation of vapor 
pressure using this relation is:

ur(e)=0,005%, in the temperature range between 0 °C and 100 °C,
ur(e)=(0,01–0,005.t)%, in the temperature range between –100 °C and 0 °C.
u(ts  eff)  —  uncertainty due to saturation efficiency. In relation (2) ts is dew temperature at pressure Ps 

at saturator outlet. Actually the value is influenced by the temperature of the fluid, which in the pre-
saturator (before the saturator inlet) is preconditioned to a temperature higher than the dew point. The 
associated uncertainty due to the efficiency of the saturator takes into account the difference between 
the temperature of the fluid tf and ts resulting by saturated air flow at temperatures higher (or  lower) 
than the condensate. The humidity generators, based on the two pressures principle, are based on the 
complete saturation capacity of the gas with water vapor, during its passage from the inlet to the outlet of 
the saturator. Saturation efficiency is estimated to be 100 ± 0.35 %. The standard associated uncertainty 
of this triangular distribution is:

u t
s eff( ) = 0 35

6

,
 (10)

At the same time, some components of the mathematical model are dependent on other influencing sizes, 
fact that further complicates the estimation of measurement uncertainty.

CONCluSIONS
Creation, research and development of the national standards is a primary function of any Institute of 

Metrology and at the same time, the primary condition for the full implementation of the unity of measurements 
in the country. The national standard of gas humidity unit is intended for the realization, storage and transfer 
of the unit through working standards to measuring instruments used in the national economy. As a result of 
participation in the international comparisons within regional organizations COOMET, the National Institute of 
Metrology from Republic of Moldova will demonstrate its measurement capabilities. Thus, both the national 
standard and humidity measurements provided in the Republic of Moldova will be recognized at regional and 
international levels. This fact will help to remove technical barriers to trade encountered by economic agents 
from Moldova.
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Annotation
The problem of unity measurement of viscosity of liquid medium in the range of temperature minus 40 °C to 

minus 5 °C and 100 °C to 150 °C has been considered.
Metrological characteristics of standard samples of viscosity of liquid on domestic production have been 

given.
The aim of the work has been designated and the tasks aiming to solve the lack of tools to verify and calibrate 

viscosity measurement instruments in the range of temperature mentioned have been formulated.
The results of development, as well as research samples of viscosity of liquid certified in the range of 

temperature minus 35 °C to minus 5 °C and 100 °C to 150 °C have been presented.

Stating a general problem and its relation to important scientific or practical tasks
Ensuring uniformity of measurement of viscosity of liquid is one of the most important conditions for 

socio-economic development of a country and for a progress in science and technology. It provides the 
basis for fair trade principles both on domestic and international markets, which is especially important 
in the context of tough requirements to the accuracy of assessing quality and statistics on the number of 
natural energy sources.

In view of the fact that a large number of measurement instruments allowing to determine viscosity of liquid 
in the range of temperature minus 40 °C to 150 °C are used in oil extraction and refinery under state regulation 
to ensure uniformity of measurement, data on measurement instruments have to go through primary, periodic, 
extraordinary, inspection or verification expert [1].

In return, verification of measurement instruments of viscosity implies the use of such means of verification 
as standard samples of viscosity of liquid.

Used in the calibration standard samples applied in verification have to be included into the state registry of 
standard samples of the Russian Federation, to have established metrological characteristics and to be suitable 
for use within the predetermined range of temperature.

There currently exist standard samples of viscosity of liquid in Russia, which have been certified in the range 
of viscosity 1,3 mPa·s (mm2/s) to 1,0·105 mPa·s (mm2/s) and in the range of temperature 20 °C to 100 °C, with a 
relative expanded uncertainty with a coverage factor k=2, Uoη(ν):

• 0,2 % —  in the range of viscosity 1,3 mPa·s (mm2/s) to 30 000,0 mPa·s (mm2/s);
• 0,3 % —  in the range of viscosity 30 000,0 mPa·s (mm2/s) to 1,0·105 mPa·s (mm2/s).
Standard samples of viscosity of liquid certified in range of temperature minus 40 °C to 20 °C and 100 °C to 

150 °C are not produced in the Russian Federation [2].
Hence, activities in the field with improvement of unity of measurement of liquid viscosity in the temperature 

minus 40 °C to 20 °C and 100 °C to 150 °C are still claimed to be topical issue.

Analysis of recent research and publications, providing solutions to the problem and relied 
upon by the author. Addressing the problem, which this work is dedicated

A large number of works devoted to the measurement of viscosity in a wide range of temperature have 
been published at different times such Russian scientists as M. V. Lomonosov, D. I. Mendeleev, N. P. Petrov, 
F. N. Shvedov, Soviet scientists as P. A. Rebinder, M. P. Volarovich, G. V. Vinogradov and others.

The team of VNIIM scientists for many years have been engaged into research work in the area of viscometry, 
but it was only 2015 in the laboratory of state standards of measurement of liquid density and viscosity, when 
a reference of equipment to reproduce a unit of kinematic viscosity in the range of temperature minus 40 °C to 
150 °C was developed and investigated. Therefore, it formed the basis for the possibility to carry out research 
on viscosity of liquid media in the range of temperature mentioned.
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Setting the aim and formulating tasks of the work

The aim of this work should be development and research on standard samples of viscosity of liquid, 
certified in the range of temperature minus 35 °C to minus 5 °C and 100 °C to 150 °C.

The following objectives to achieve the aim have been formulated:
- define technical and metrological requirements to the samples of viscosity of fluid, certified in the range of 

temperature minus 35 °C to minus 5 °C and 100 °C to 150 °C;
- identify materials which the samples will be manufactured from;
- identify a set of equipment for research and validation of the developed samples;
- conduct a study aimed to establish metrological characteristics of the developed samples;
- work out technical documentation needed for tests to approve a type of the developed samples.
Presentation of the material in the research with explanation of the scientific results obtained
Technical and metrological requirements to the developed samples of viscosity of fluid, certified in the 

range of temperature minus 35 °C to minus 5 °C and 100 °C to 150 °C have been determined by analysis of 
modern measurement instruments of viscosity and described in accordance with [3, 4] technical specification 
and technical conditions.

Taking into consideration the terms of technical specifications of the requirements given, the analysis of 
existing mineral and synthetic oils having Newtonian flow regime has been done. Further, seven types of 
oils and some of their mixtures have been selected on nominal values   of viscosity at various temperatures, 
and, finally, their actual values   of kinematic and dynamic viscosity reported in chart 1 have been determined.

Chart 1. The determined results of the actual values of viscosity.

The name oil / mixture

Average measured values of dynamic and kinematic viscosity

mPa·s mm2/s
Temperature measurements, °C

-5 -15 -25 -30 -35 150
Synthetic oil 40 1470 4300 13780
Synthetic oil 60 2055 4997 16686
Synthetic oil 30 614 8172 15625
Synthetic oil 30А 3563 7220
Semi-synthetic oil 40 727 6565
Mixture of mineral oils 10 22,1
Mixture of mineral oils 30 42,6
Mixture of mineral oils 60 62,3
The relative expanded uncertainty of the measured values of viscosity of the oils, with the coverage factor k=2, 
Uoη(ν)=±(0,2…2,0)%.

After analyzing the measured values of viscosity of the oils under study, it has been decided to create five 
samples of viscosity:

• two samples certified in the range of temperature below 0 °C: REV‑10000–1 and REV‑20000–1 based on 
synthetic oils;

• three samples, certified in the range of temperature above 100 °C: REV‑10000, REV‑ 30000 and REV‑60000 
based on mixtures of mineral oils.

Establishment of metrological characteristics of the developed samples in the range of temperature 100 °C 
to 150 °C has been carried out on GET 17–96, the reference of equipment, developed while implementing the 
measures to improve it.

Establishment of metrological characteristics of the samples in the range of temperature minus 35  °C to 
minus 5 °C has been carried out on the state standard of the units of dynamic and kinematic viscosity of the 2nd 
discharge ranging 0,2 to 20000,0 mPa·s (mm2/s) № 2302–0229 (3.1.ZZB.0229.2016).

The documentation to be included into the registry of standard samples of fluid viscosity of the Russian 
Federation in the range of temperature minus 35 °C to minus 5 °C and 100 °C to 150 °C has been worked out in 
accordance with requirements [3, 6, 7, 8].

The study of the metrological characteristics of samples REV-10000–1 and REV-20000–1 has been carried 
out to the full extent provided for normative documentation.

The study of the metrological characteristics of samples REV-10000, REV-30000 and REV-60000 has been 
carried out upon a reduced program, as these samples have been already included into the state registry of 
standard samples of the Russian Federation in the range of temperature 20 °C to 100 °C [3].

In the course of the study the following metrological characteristics of the developed samples have 
been determined: certified values of viscosity, relative expanded uncertainty of the certified values; also 
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homogeneity both inside a sample unit and between instances in a batch, short and long term instability have 
been investigated.

Charts 2–6 present the metrological characteristics of the developed samples determined in the study.

Chart 2. Metrological characteristics of sample REV-10000–1.

Index The name of the certified characteristics, the 
designation of units of physical quantities

Certified value of physical quantity at a 
temperature, °C

(–35,00±0,02) (–30,00±0,02) 

REV-10000–1
Dynamic viscosity, mPa·s 15625 8172,2
Kinematic viscosity, mm2/s 17676 9284,0

Relative expanded uncertainty (U) with the coverage factor k=2,% 2 1,5

Chart 3. Metrological characteristics of sample REV-20000–1.

Index The name of the certified characteristics, the 
designation of units of physical quantities

Certified value of physical quantity at a 
temperature, °C

(–25,00±0,02) (–15,00±0,02) (–5,00±0,02) 

REV-20000–1
Dynamic viscosity, mPa·s 16686,0 4997,3 2054,7
Kinematic viscosity, mm2/s 18807,0 5675,3 2351,6

Relative expanded uncertainty (U) with the coverage factor k=2,% ± 1,2 ± 0,5

Chart 4. Metrological characteristics of sample REV-10000.

Index The name of the certified characteristics, the 
designation of units of physical quantities

Certified value of physical quantity at a temperature, °C
Δt=±0,01 °C Δt=±0,02 °C

20,00 40,00 50,00 100,00 125,00 150,00

REV-10000
Dynamic viscosity, mPa·s 9386,0 1823,0 918,1 77,02 - -
Kinematic viscosity, mm2/s 10500,0 2066,0 1047,0 90,73 40,89 22,07

Relative expanded uncertainty (U) with the coverage factor k=2,% ± 0,2 ± 0,30

Chart 5. Metrological characteristics of sample REV-30000.

Index The name of the certified characteristics, the 
designation of units of physical quantities

Certified value of physical quantity at a temperature, °C
Δt=±0,01 °C Δt=±0,02 °C

20,00 40,00 50,00 100,00 125,00 150,00

REV-30000
Dynamic viscosity, mPa·s 28280,0 5193,0 2273,0 175,70 - -
Kinematic viscosity, mm2/s 31590,0 5874,0 2586,0 206,33 89,04 42,57

Relative expanded uncertainty (U) with the coverage factor k=2,% ± 0,2 ± 0,30

Chart 6. Metrological characteristics of the sample REV-60000.

Index The name of the certified characteristics, the 
designation of units of physical quantities

Certified value of physical quantity at a temperature, °C
Δt=±0,01 °C Δt=±0,02 °C

20,00 40,00 50,00 100,00 125,00 150,00

РЭВ-60000
Dynamic viscosity, mPa·s 50550,0 9133,0 3622,0 279,91 - -
Kinematic viscosity, mm2/s 56430,0 10320,0 4120,0 328,11 129,61 62,31

Relative expanded uncertainty (U) with the coverage factor k=2,% ± 0,2 ± 0,30

Conclusions according to the research and perspectives of further research in this direction 
conclusions on the research and perspectives on further research in this area

The developed and investigated samples of viscosity of fluid, certified in the range of temperature minus 40 °C to 
minus 5 °C and 100 °C to 150 °C allow to solve the lack of tools to verify and calibrate viscosity measurement instruments 
in the range of temperature mentioned, and could be also applied in tests to approve a type, in metrological certification 
of viscosity measurement techniques and errors control of measurement techniques in the course of their application.

The developed samples could be applied in comparison and calibration of measurement standards as 
liquid-comparators.

In the future we are planning to conduct studies aimed at defining dependence of dynamic viscosity of the 
developed samples on high shear rates, and in the case of sustainable results to justify the use of the samples 
for calibration of minirotory viscometers and simulators for cold cranking of the engine.
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DISSEMINATION Of ThE NATIONAl STANDARD Of MASS 
fROM INACAl uSING ThE GAuSS MARKOV METhOD BY 
GENERAlIzED lEAST SquARES

Author: Donny Taipe A.
Instituto Nacional de Calidad, Calle de la Prosa N°150, 
San Borja, Lima- Peru

Summary: This article sustains the transfer of the national standard of mass (KP1) of INACAL to two 
reference standards ‘Weight 1’, ‘Weight 2’ and also KP2 (as witnessed mass standard and with known error). 
The dissemination was done using the Gauss Markov method by Generalized Least Squares. The uncertainty 
calculation was performed using Univariate Gaussian Distribution and Multivariate Gaussian Distribution; the 
latter was developed with the Monte Carlo method using a programming language called ‘R software’.

Keywords: Dissemination, variance, univariate, multivariate, Monte Carlo.

INTRODuCTION
This article sustains the transfer of the National Standard of Mass of Peru (KP1) consisting of a high accuracy 

weight of nominal value of one kilogram, joined by a witness (KP2), both of austenitic stainless steel, with an 
uncertainty (k=2) of 50 μg, calibrated in PTB, where the mass and volume were determinated.

In order to give traceability to mass measurements in Peru, it was carried out the transfer of the KP1 by 
dissemination method. The dissemination was from KP1 mass to the other three; the first KP2 (as witnessed 
mass standard and with known error), the second called ‘ Weight 1’ and the third called ‘Weight 2’.

One way to evaluate the coherence of our results would compare them with the known values of   KP2.
To transfer the mass unit, the Mass Laboratory of INACAL has a high accuracy mass automatic comparator, 

used as a transfer way; and also, a high accuracy weather control instrument, to know the effects of the 
magnitudes of influence of environmental conditions during the calibration process.

Fig. N°.1. Transfer Diagram KP1

2. DESCRIPTION Of ThE TRANSfER Of ThE NATIONAl STANDARD Of MASS
Since INACAL has a National Standard of Mass, it is necessary to transfer the mass unit to reference standard, 

witness standard and / or working standard (diagram in Figure N° 1).
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The mass unit transfer is performed by 
dissemination method. To apply this method the 
technical specification of the used instruments 
must be known and evaluate its enough accuracy 
to achieve desired results. An automatic comparator, 
with a standard deviation of 2 μg (Mettler Toledo 
AX1006) was used for measurements, and a high 
accuracy weather control instrument, which has an 
standard deviation in temperature <0.01  °C, was 
used to monitor the influence of environmental 
conditions.

3. METhOD Of DISSEMINATION
The method of dissemination is performed by 

the Gaussian Markov method by generalized least 
squares.

The theoretical regression model is:

Y X e= +
∧

β       (1)

The estimator of generalized least squares (GLS) is defined as:

β ϕ ϕ
∧

− − −=  GLS

T TX X X Y1
1

1      (2)

We get the transformed model that satisfies all the assumptions of Markov Gauss theorem as follows:

V X X( )β ϕ
∧

− −
=  

T 1
1

     (3)

Calculation of uncertainty of the components Y
For estimate and calculate measurement uncertainty we will use the guidelines established in the Guide to 

the Expression of Uncertainty in Measurement.
Disturbances due to: repeatability, eccentricity of the balance, scale resolution, sensitivity factor, standard 

weight, derived from the standard weight, air density and volume of the weights have been considered in the 
following equation.

y I f m X V= + + + +. ( ). .
s P P Pi ai i

δ ρ ε∆     (4)
Analyzing each contribution of uncertainty of the equation (4), we obtain:

u y f u resl u rept I u f

u m u X

2 2 2 2 2 2

2 2 2

( ) . ( ) ( ) . ( )

( ) ( )

= + + +

+

( )
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δ ++ +

− ++ −
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ρ

ρ σ

a

a

     (5)

Turning the equation (4) and (5) into its matrix form:  
Y I f m X V= + + + ⊗ +. ( ).

s P P P a
δ ρ ε∆     (6)

Var Y f Var resl Var rept

I I Var f X X Var m

( ) . ( ) ( )
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= + +

+
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T
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2
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. ( ) ( ( ))

+ +

+ +

( )Var

V V Var Var V I

δ

ρ ρ σ
P

T

a a
∆ ∆ ∆2 2

       (7)

where:

• Var(Y)=φ

• fs: sensitivity factor

• Var resl diag matrix d( ) ( / )=
i

2
12

FIG. 2 National Standard Mass of Peru (KP1) and control (KP2)
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• Var rept diag matrix s n( ) ( / )=
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• ∆V diag matrix V V= +[ ]Pi Xi

• Var matriz diag u( ) ( ( ))ρ ρ
a ai
= 2

• If air density in each comparison measurement is obtained then the variance is as follows 

Var V Cov V V( ) ( ; )∆ ∆ ∆=
i j

σ
β β2I

Y X Y X
n p

I=
− −

−

( )( )
.i i i i

T

In case of no covariance effects in V ( )β
∧

, then it is reduced to a Univariate distribution function and it is 
given by the square root of the diagonal matrix.

If there are covariance effects, it is assigned as a multivariate Gaussian distribution a.
where math expectation and covariance matrix are:

 and 
Then we need to sample N(β, Uβ), and for this we require independent values for from the typical Gaussian 

distribution N(0,1), which it is formed by:

      (8)

where  and R is the upper triangular matrix given by the Cholesky decomposition 
where the are generated independent random numbers with and from a rectangular distribution and thereby 
we calculate 

     (9)
It is therefore advisable to use a programming language. In our case we use and recommend the ‘software R’.

4 DEVElOPMENT:
Corresponding data for each weight:

VN (kg) Corr. (mg) u(k=1) (mg) Vol. (cm3) U (Vol.) (cm3)
KP1 1 -0,029 0,025 124,8199 0,0010 
KP2 1  –0.076 0.025 124,8208 0,0010 
Weight1 1   124,8000 0,0020 
Weight2 1 124,7716 0,0015 

Table 1
Weighing the following scheme where has 6 equations weighing and 3 unknown mass (KP2, Weight 1 and 

Weight 2) are used.
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The ‘-1’ represents the pattern and ‘1’ represents the sample for a weighing sequence.
6 series were performed (each series has weighing sequence “ABBA”), these 6 series correspond to an 

equation weighing.
Recording of the data taken in the calibration process (table 2):

 mg ρa mg/cm3 uρa
 mg/cm3 VP–VS cm3 Yi mg S

-0,0421 1,1656 94,5x10–5 0,0009 -0,0411 0,00061
0,1343 1,1654 94,5x10–5 -0,0199 0,1112 0,00094
-0,1196 1,1653 94,5x10–5 -0,0483 -0,1760 0,00156
0,1738 1,1646 94,5x10–5 -0,0208 0,1496 0,00075

-0,0703 1,1638 94,5x10–5 -0,0492 -0,1276 0,00076
-0,2427 1,1634 94,5x10–5 -0,0284 -0,2758 0,00049

Table 2.

: Average of the differences of weights of each series.
: Standard deviation of the measurements of the differences of the weights.

For each ∆mi, we perform the air correction buoyancy, this will be given by the following equation:
Were: 
We estimate ∅ according to equation (7), considering the reference value correction KP1, then we obtain the 

equation (2) y (3).
Substituting, we have:

o The univariate Gaussian distribution for uncertainty is given by equation (3)
o Figuring multivariate Gaussian distribution for uncertainty, we do the following:
We find R, where R is the upper triangular matrix decomposition Cholesky 

(V R R( )β
∧

= T )

We can use a command in a programming language that allows us to get that value. In our case we use the 
‘Software R’

Independently generate random numbers r1 and r2 and obtain the 4 separate values for z, Replaced in the 
following equation (9) and obtain :

The uncertainty is given by the standard deviation of εi

CONCluSION:
- The difference between the result obtained of KP2 and its calibration certificate is less than 5 μg, which is 

less than its uncertainty specified in the calibration certificate.
- The Gauss Markov method allows the Mass Laboratory of INACAL to obtain appropriate uncertainties of 

class E1 (the uncertainty obtained for the ‘weight 1’ and ‘weight 2’ is 26 μg)
- The Mass Laboratory of INACAL is capable of calibrating weights of Class E1.
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The current torque calibration range up to 1.1 MN·m is not any longer sufficient. The fast growing wind 
energy sector raised the demand for traceability of torque in the MN·m range over the last few years. To this end, 
a 5 MN·m torque transducer was acquired to extend the torque calibration range. Since the measuring device 
cannot be calibrated over its full measurement range, mathematical methods to forecast the behaviour of the 
torque transducer above 1.1 MN·m and their further development are presented.

1. Introduction
Wind energy is so far the biggest contributor to the produced amount of renewable energy and it is the most 

promising for an augmentation of the renewable energy share. To improve the energy efficiency of wind energy 
systems, initially the energy efficiency η of nacelles needs to be determined by measuring the input and output 
power. Whilst the output power is measured as electrical output Pel of the nacelle, the input power is quantified as 
mechanical power in nacelle test benches (NTBs) by recording the torque M at the nacelle’s rotor hub:

      (1)

where n is the rate of rotation. This strongly increases the demand for the traceability of torque determination in NTBs. 
With modern wind turbines having scaled up to multi-megawatt power ratings, the occurring torques rise up to several 
MN·m. In order to calibrate an NTB as depicted in Figure 1, the National Metrology Institute of Germany (PTB) acquired a 
5 MN·m torque transducer (TT) using strain gauges (SGs) to convert torque into an electrical signal [1]. Before this TT can 
be deployed as a transfer standard to calibrate NTBs, the TT itself is to be calibrated. Owing to the fact that the world’s 
biggest torque standard machine (TSM), which is located at the PTB, has only a capacity of 1.1 MN·m and a certain 
precision [2], the 5 MN·m TT can only be calibrated within its partial measurement range of 22 %. Aiming to characterise 
the TT over its full range, the torque calibration range is to be extended. Without designing a new machine, this can only 
be achieved by developing an extrapolation method based on the available partial range calibration data [3–5].

Figure 1: Scheme of the nacelle test bench (NTB)) at Aachen University including a Prime Mover, a load application system to simulate wind loads, and the 
nacelle under test (Source: CWD).
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2. Measuring Device 5 MN·m Torque Transducer
In general, mechanical TTs utilise SGs applied with glue to the deformation body for indirectly converting 

the applied torque into an electrical signal. The applied torque deforms the spring body of the transducer (cf. 
Figure 2) linear-elastically and evokes a strain. This strain is transferred through the glue into the conductive lines 
of the SGs where this current-carrying conductor is strained. Thus, a variation in length and, as a consequence, 
in profile occurs leading to a change in the electrical resistance of the conductive lines. Since these relative 
resistance alterations are rather small, they are to be amplified by interconnecting four SGs most commonly in 
a Wheatstone full-bridge configuration. Thereby the torque dependent output signal is represented in mV/V.

The advantages of SGs are good linearity and reproducibility, high precision, and small hysteresis. Moreover, 
due to the negligible mass of foil strain gauges, the transducers can be used for rotating applications as the 
calibration of a NTB and the applied torque can be measured direction-dependent.

Figure 2: The 5 MN·m torque transducer (TT) (left) and the TT being mounted in PTB’s 1.1 MN·m torque standard machine (TSM) to be calibrated (right).

3. Torque Calibration up to 1.1 MN·m
Theoretically the relation between the applied torque and the output signal is linear within the linear-elastic 

range. From long calibrating experience it is known that small nonlinearities appear even within the linear-
elastic range. These can be evoked by the strain transmission through the different adhesive layers and the 
plastic backing foil of the SG due to their viscoelastic behaviour. Moreover, the material characteristics of the 
deformation body are not entirely linear. Additionally, a poor bonding quality can induce nonlinearities. These 
nonlinearities are distinctive for each and every TT. Because of visualisation reasons, the absolute linearity 
deviations dlin rather than the tared output signals —  which seem to be linear —  are plotted against the applied 
torque. The linearity deviation for each load step i is calculated by subtracting a linear regression curve mlinear 
from the tared signal value of each step Smeas(i):

     (2)

with M being the actual applied torque. Figure 3 depicts a typical linearity deviation curve of a well-
known TT (blue) and, in comparison, the partial range calibration results of the 5 MN·m TT up to 1.1 
MN·m (red). The torque is applied clockwise and anti-clockwise, as shown in Figure 3, and in increasing 
and decreasing defined steps as symbolised by solid and dashed lines respectively. In order to minimise 
setup errors, e. g. eccentricity, non-planarity, and other errors evoked by misalignments, the transducer is 
rotated around its measuring axis and calibrated three times. The diverse nonlinearities for the different 
mounting positions are reflected as varying curves per load cycle in the plot. By analysing the deviations 
of the curves for the different mounting positions a statement about the reproducibility of the TT can be 
made. In addition, the plot visualises not only the nonlinearities but also the hysteresis and the zero point 
deviation of the analysed TT [6].
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For the future employment of the TT as a calibrated measuring instrument, a cubic regression curve for 
the signal output considering the nonlinearities is used to determine the applied torque. This enables the 
interpolation between the calibrated steps with a smallest possible interpolation deviation and, thus, measure 
any applied torque that lies within the calibrated measurement range. However, this cannot be done for torque 
loads beyond the calibrated measuring range.

Figure 3: Absolute linearity deviations from the linear best fit depicted for clockwise and anti-clockwise applied increasing (solid lines) and decreasing (dashed lines) 
torque steps. The blue curve represents a TT with a capacity of 1.1 MN·m while the red curve is of the 5 MN·m TT.

4. Extrapolation of the Calibration Data
Extrapolation is basically estimating signal values outside the observed range. To endorse the necessity of 

developing a mathematical approach for an extrapolation method based on measurements performed using 
a well-known TT in a calibrateable range, various approaches for signal extrapolation and their impact on the 
expected nonlinear behaviour are introduced in Figure 4.

All extrapolations were executed on the 9-point tared calibration signals up to 1.1 MN·m which accounts 
to 22 % of the maximum measurement range of the 5 MN·m TT. In order to demonstrate the influences on 
the linearity deviation dlin, this is plotted against the applied torque. For calculating dlin, the linear regression 
curve for the calculated 22 % range is used as aforementioned. Since dlin varies for the different mounting 
positions, the extrapolation approaches are implemented for each mounting position separately. For 
reasons of clarity and comprehensibility, the linearity deviations of the different mounting positions are 
arithmetically averaged. In addition, the standard deviation for the averaging is calculated and plotted in 
Figure 4 to emphasise the variation spectrum. All extrapolations are done exemplarily for the clockwise, 
increasing load.

A rather simple approach based on all increasing clockwise signals is the linear signal extrapolation of which 
dlin is depicted as a red curve (Linear fit (all signals)). A better representation of normal TT characteristics is a 
linear extrapolation through the last two calibration signals due to the better measurement uncertainty of the 
higher signal values. The results are illustrated by the black dotted curve. Besides, a second degree polynomial 
fit through all calibration signals was extrapolated. The linearity deviation for the quadratic extrapolation is 
represented by the blue dashed line. As shown in the zoom of Figure 4, the extrapolation curve of a quadratic 
fit tends to follow the linearity deviation of the original calibration data.

Fitting a polynomial of higher degree to the calibration signals, e. g. a cubic regression curve as done in 
different torque calibration standards in order to use the calibrated transducer as a measuring device, led to 
rather big standard deviations. Hence, it is not part of the plot below. One matter for that is the unsteady signal 
of the TT in this comparatively small calibration range of only 22 %. In such a small range the influences of 
resolution and noise on the small measurement signal are relatively big and can entail a quite divergent signal. 
From this, it can be concluded that a wider calibration range is a better base for an extrapolation approach 
of calibration data. Furthermore, from the standard deviation, which increases with the load steps, it can be 
summarised that the single measurement values should be weighted before being extrapolated. By this, 
the noise and resolution influences of the smaller measurement signals on the extrapolation result could be 
reduced.
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Figure 4: Linearity deviations from the linear best fit obtained for each extrapolated data set. The basic data is up to 1.1 MN·m which is extrapolated up to 5 MN·m 
using various extrapolation methods.

5. Conclusion and Outlook
As described in the beginning, there is an enormous need for precise torque measurement in the MN·m range 

coming from the wind energy sector. Since a torque calibration within the demanded range is not feasible so 
far, differing extrapolation methods of the measurement signals and the associated expected nonlinearities 
are presented. The extrapolation is a prerequisite for the 5 MN·m torque transfer standard to be deployed for 
a traceable calibration of NTBs. Therefore, the future goal is it to develop an extrapolation method based on 
reliable data sets of well-known TTs and the findings of this investigation.
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Abstract
A variety of techniques for the measurement of emissivity is available today but in many cases these 

techniques do not adequately meet the wide range of requirements posed by modern science and industry. 
Furthermore, they do not provide sufficiently accurate results and lack reliable and traceable uncertainties. 
Therefore, a measurement setup and a validated method for highly accurate directional spectral emissivity, 
total directional emissivity and total hemispherical emissivity measurements under vacuum in the wavelength 
range from 4 µm to 100 µm and a temperature range from 40 °C to 600 °C with validated uncertainties was 
developed at the Physikalisch-Technische Bundesanstalt (PTB). Using a direct radiometric method with two 
reference blackbodies, the measurements at this facility, the Reduced Background Calibration Facility (RBCF), 
are traceable to the International Temperature Scale of 1990 (ITS-90).

1 Introduction
The unique potential of radiation thermometry for temperature measurements ranging from non-contact 

temperature control of industrial production processes to climate research by remote sensing of the Earth 
requires the accurate knowledge of the radiation properties of the observed material, i. e. its spectral emissivity. 
The spectral emissivity is not only essential to perform quantitative temperature measurement but also to 
precisely calculate radiative heat exchange. The accurate knowledge of the emissivity is required in many 
industrial and scientific applications like e. g. solar energy generation, modern furnace technologies, improved 
thermal insulation of buildings, high-temperature ceramics in high-temperature engines, cryogenic insulations 
and remote sensing of the Earth.

Simple and practical methods, for example described in VDI/VDE3511–4 [1], often only provide a good 
approximation, but give no accurate result with a reliable uncertainty value. Using a newly developed 
facility for radiation thermometry under vacuum at PTB [2–4] directional spectral emissivity, total directional 
emissivity and total hemispherical emissivity measurements in a broad wavelength and temperature range 
can be performed highly accurate under vacuum with traceable uncertainties.

2 Setup
This facility (Fig. 1), the Reduced Background Calibration Facility (RBCF), is a unique metrology facility within 

Europe. In addition to precise emissivity measurements, it allows radiation temperature and spectral radiance 
measurements traceable to the International Temperature Scale of 1990 (ITS-90) over a broad spectral and wide 
temperature range. The operation under vacuum reduces significantly the uncertainty of measurements, since 
the heat losses by convection and the uncertainty from changing atmospheric absorptions due to varying 
partial pressures of H2O and CO2 are omitted here. Furthermore, reduction of the background radiation can be 
achieved by cooling of all apertures and critical optical components in the optical path with liquid nitrogen. If 
required measurements can also be performed under different pressures or under different gases.

The measurement scheme for emissivity is based on a comparison of the spectral radiance of a sample with 
the spectral radiances of two reference blackbodies at different temperatures. The sample is located inside of 
a temperature stabilized spherical enclosure [2–4].

The spectrally dependent uncertainty of the directional spectral emissivity is calculated via a Monte-
Carlo-Method strictly according to the Guide to Uncertainty of Measurement (GUM). Since the uncertainty 
components usually depend on the individual measurement conditions the calculation is done individually for 
every single measurement [4].
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Fig. 1: Transparent view of the reduced background calibration facility (RBCF) to illustrate the positions of the blackbodies VLTBB and VMTBB, the vacuum sample 
holder for emissivity measurement, the vacuum infrared standard radiation thermometer (VIRST) and the optical path of the radiation in the LN2-cooled beamline

3 Experimental results
Three examples were selected for this paper to illustrate the capability and potential of the new facility for 

determining the spectral emissivity and calibration of reference sources.

3.1 Emissivity of solar absorber coatings
An important application that requires very low uncertainties in the measurement of emissivity is the characterization 

of absorbers for high-temperature solar thermal energy generation. The potential of solar energy, as one of the major 
sources of renewable energy, has great relevance for economic growth and better environmental protection.

fig. 2: Directional spectral emissivity of an absorber coating of SCHOTT Solar measured at a temperature of 450 °C and under an angle of observation of 10° with respect 
to the surface normal. The brown curve shows the spectral distribution of the standard uncertainty. The respective scale is shown on the right-hand ordinate axis
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The development of solar energy technologies is connected to the optimization of the optical properties 
of absorber coatings —  i. e. their solar absorptivity and thermal emissivity, which are key parameters for the 
efficiency of solar thermal power plants. Thus, a higher thermal efficiency of solar absorbers —  directly yielding 
to significant economic benefits —  can be provided by the reduction of the measurement uncertainty. The 
measurement of the emissivity of solar absorber coatings with an, until now, unrivaled absolute uncertainty in 
the MIR, where their emissivity is very low, was the major aim of this investigation at PTB.

The emissivity measurements have been performed in cooperation between PTB and SCHOTT Solar CSP 
GmbH (SCHOTT Solar) [5]. The measurements were done at a temperature of 450 °C and under vacuum, close 
to the real operating conditions of solar thermal power plants. The result under an angle of observation of 
10° with respect to the surface normal is given in Fig. 2. The achieved uncertainty of the spectral emissivity is 
better than 0.005, as can be seen as brown curve.

3.2 High emissivity coating Aeroglaze Z306
With the precisely characterized reference blackbodies of the RBCF [4], emissivity measurements can be 

performed up to 100 µm. Currently, there is a lack of precise emissivity information in the FIR, even despite 
their increasing importance especially for wall coatings of reference sources. Those measurements become in 
particular important because of the increase of transparency of some coatings towards longer wavelengths.

One of such semi-transparent coatings, an absorptive polyurethane black paint Aeroglaze Z306, which is 
often used in aerospace operations, was chosen here as an example. Three samples were prepared by spray 
coating a set of three copper substrates in thicknesses of 44 µm, 99 µm and 236 µm. The measurements [4] 
were performed at a temperature of 150 °C. The directional spectral emissivities of the three samples under an 
angle of observation of 10° are shown in Fig. 3; the shaded areas illustrate the standard uncertainty for each 
measurement.

fig. 3: Directional spectral emissivities of three Aeroglaze Z306 samples with thicknesses of 44 µm, 99 µm and 236 µm on copper substrates under an angle of 
observation of 10° with respect to the surface normal. The standard measurement uncertainties are shown as shaded areas

3.3 Large aperture on-board reference blackbodies
The characterization of coatings of onboard reference blackbodies for air and space-borne remote sensing 

missions is an another important field of emissivity measurement. The growing number of international projects, 
missions and initiatives underline the importance of the remote observation of the Earth’s atmosphere and 
climate [6–8]. This is driven by the increasing impact of possible climate change on society, ecology and economy.
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The improved uncertainties of the data derived from the remote sensing experiments directly improve the 
existing climate models and understanding of the climate of the Earth. It can be achieved by the lower radiometric 
uncertainties of the applied on-board reference blackbodies. Within this work the two large aperture on-
board reference blackbodies of the GLORIA atmospheric limb-sounder were precisely characterized in terms 
of spectral radiance, emissivity and uniformity of the radiance temperature over the whole aperture of 100 mm 
by 100 mm traceable to the ITS-90 with an uncertainty of less than 100 mK (k=2) at temperatures down 50 °C 
to enabling the traceability of the atmospheric measurements of the GLORIA instrument. The measurements 
and results are described in detail in [9,10].

4 Conclusion
The successful realization and validation of a highly accurate facility and procedure to measure directional 

spectral, directional total and hemispherical total emissivities under vacuum has been accomplished at PTB. 
The low uncertainty according to the GUM and the operation in the broad wavelength range from 4 µm to 
100 µm and the wide temperature ranges from 40 °C to 600 °C are the major achievements obtained with this 
work. All measurements are traceable to the ITS-90 using the direct radiometric comparison method of the 
spectral radiance of the sample with the radiance of the two reference blackbodies.

Important applications shown are the characterization of absorbers for high-temperature solar thermal 
energy generation under operating conditions. Here, the emissivity of the absorber was determined at 
a temperature of 450 °C and with an uncertainty of better than 0.005. In the field of climate research large 
aperture reference blackbodies for air and space-borne remote sensing missions to study the earth’s climate 
changes were characterized with very low uncertainties of better than 100 mK (k = 2) at a temperature of 50 °C 
which is the state-of-the art for these type of blackbodies.
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The results of the work to create the layout of standard lamps of luminous flux on the basis of serial 
production of LED lamps. Substantiates their physical circuit. We describe the principle of selection, testing and 
basic metrological characteristics.

Introduction. Intensive development of lighting technology, the complexity and improving the 
ergonomic requirements for the coverage of industrial and residential buildings, the use of optical 
radiation in medicine, the development of new types of lighting in household appliances, in the television 
makes it necessary to solve more complex metrological tasks in the field of photometry. All the more 
widespread sources of illumination based on no thermal effect: LED and compact fluorescent lamps. The 
progress made over the past 10 years, in the field of energy-saving light sources, comparable, and in some 
ways superior to the revolution of the late 19th century, when there was a shift from the lights on the 
basis of fuel combustion to electric light bulbs. However, to ensure uniformity of measurements of the 
photometric parameters of such sources is necessary to use methods and means that differ from those 
used in classical photometry. Choosing the incandescent bulb, the consumer is primarily focused on its 
power consumption. This characteristic is usually enough to assess that all the properties of light bulbs 
of any manufacturer. However, this strategy does not work when it comes to sources with a spectrum 
very different from that of incandescent lamps. And this is all kinds of energy saving lamps. In this regard, 
national, interstate and international standards, recommendations of the International Commission on 
Illumination (CIE) include a list of the main characteristics of the subject to mandatory registration, the 
luminous flux, color temperature, luminous intensity, color coordinates and brightness of continuous and 
pulsed radiation sources.

The strength of the light part of the international system of units (SI) as a basic unit, and thus, there is 
a specific precedent in the system when secondary to their field physical quantity is fundamental to the 
relationship of physical quantities. In 2003, it has been redesigned state verification schedule for means of 
measuring light values   of continuous and pulsed radiation, which is entered in the standard unit of luminous 
flux —  lumen. Currently, the majority of metrologists, working in the field of optical radiometry, are inclined 
to believe that the main or base value in optical radiometry must be considered flux (power) and the unit 
of watts (W), and, accordingly, in photometry —  the luminous flux and the unit lumen. In 2015 BelGIM were 
completed to create continuous luminous flux of the radiation source of national standard unit of NE28–16. 
The benchmark of the two main methods implemented luminous flux measurement: using the integrating 
sphere and goniospektroradiometra.[1] For more than three decades, a reference optical radiation source for 
calibration of photometric balls were incandescent lamp type IIB and their foreign counterparts, imitating 
illyuminant A CIE (illyuminant A  —  black body with the thermodynamic temperature of 2856 K and the 
chromaticity coordinates of x = 0.4476 and y = 0.4074). They also acted as transfer standard when making 
international comparisons.

However, the situation with the metrological support of the luminous flux measurement is significantly 
deteriorated in recent years. Firstly according to the requirements of international standards for calibration of 
photometric balls you must use a source with the spectral distribution of the radiation power (MDS) as close 
as possible to the MDS test radiation source. As seen from the Figure 1 MDS spectrum CFLs, white LEDs and 
incandescent lamps vary considerably. [2]

Secondly, after the entry into force of the Directive EC2005/32 / EG the world’s major producers ceased 
the production of incandescent light bulbs. At the same time it was closed and the production of standard 
photometric lights. Similar production in the countries of the former USSR were closed in the 90’s. Thus, the 
relevance of this issue is not in doubt.
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Analysis of publications in the scientific literature and reviews of LED products market has revealed three 
main types of LED lamps:

Headlamp based on color mixing. They are based 
on multi-chip LEDs, most —  three-component (RGB-
LED), having in its composition three semiconductor 
emitters of red, green and blue glow, united in 
one body. Currently, virtually disappeared from 
the market, since they have very low color quality 
performance and energy efficiency. Lamps on the 
basis of phosphor LEDs. The phosphor LEDs, created 
on the basis of ultraviolet or blue LEDs, have in 
their composition a layer of a special phosphor, 
which converts the result of the LED light emission 
of photoluminescence in a relatively wide spectral 
band with a maximum in the yellow part of the 
spectrum. Lamps made by LED-filament technology. 
LED-filament is a metal wire which has consistently 
placed a large number of small ultraviolet or blue 
LEDs coated with phosphor layer common. Thus, 
simulated filament incandescent lamp.[3]

The same analysis revealed that one of the main sources 
of instability in the luminous flux of LED lamps is the so-
called built-in power supply driver, as well as the power 
mode from the AC source. With this in mind, we decided to 

upgrade the lamps, to withdraw from their drivers and provide power using an external precision DC. Since, according 
to the international standard CIE S025 lamp used to calibrate photometric sphere, must have not only the spectral 
distribution of the emission power, but also the radiation pattern as close as possible to that of the test light source, we 
have carried out the study charts the direction of the main types of LED bulbs direct replacement and lamp type CIP. 
[4,5] The results are shown in drawing 2.

On the basis of the research as a basis for making the layout of the reference luminous flux lamps we have 
selected 2 lamps made on the basis of technology LED-filament and phosphor LEDs. Exterior lamps is shown 
in drawing 3

Each lamp is annealed in an operating mode with an external power supply within 80 hours to control the 
photometric parameters of every 10 hours. The measurement results are shown in Table 1

                1        2
1- Lamp type LED-filament; 2 —  a lamp phosphor based LEDs.
Drawing 3. Appearance lamps

1 —  lamp CIP; 2 —  lamp type LED-filament; 3 —  a lamp phosphor based LEDs.
Drawing 2. View of the spectral distribution of the radiation power and directivity pattern of different types of light sources

1 —  Illuminati CIE A; 2 —  compact fluorescent lamps; 3 —  LED white light.
Drawing 1. View of the spectral distribution of the radiation power of different light sources.
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Table 1. Results of stability studies luminous flux standard lamps layouts

lamp type
luminous flux after __ hours annealing lm

10 h 20 h 30 h 40 h 50 h 60 h 70 h 80 h

LED-filament 1 830 846 837 820 810 815 820 827

LED-filament 2 850 820 840 820 833 830 820 830

LED-luminophore 1 1500 1520 1520 1550 1510 1520 1525 1530

LED-luminophore 1 1510 1550 1550 1530 1540 1525 1535 1520

References:
As can be seen from the above data that the generated layout luminous flux standard lamps based on LED 

showed good stability (± 4 %). Thus, it demonstrated the correctness of the approach underlying the layout. 
However, before the validation of lamps as the working standard unit of luminous flux achieved metrological 
characteristics they can and should be improved. To this end at the next stage of the study, scheduled for the 
second half of 2017, we will retrofit lamps produced active cooling system based on Peltier elements. Also it 
planned to create a set of not less than 4 lamps, covering a range of CCT from 2700 to 6500 K
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uSING Of ThE whITE lASERS AT ThE SPECTRAl 
RESPONSIVITY SCAlE REAlISATION

A. Y. Dunaev,
All-Russian Research Institute for Optical 
and Physical measurements, Moscow, Russia

The Russian national standards for detector calibrations at wavelengths from 250 nm up to 14000 nm are 
realized at the All-Russian Research Institute for Optical and Physical measurements (VNIIOFI) at 2014. It based 
on the CryoRad-III System from L-1 Standards and Technology, Inc. (USA). Facility for spectral responsivity 
measurements with using the white laser as a source of radiation is presented. Results of monochromatic power 
measurements in the spectral range from 0.4 to 1.6 um are presented.

Figure 1 shows the VNIIOFI facility for realizing the primary standard of radiant power. The main parts of 
the facility are: (i) the radiation source unit with the optical system, which focus the radiation on the input 
slit of the monochromator; (ii) the aspherical optical unit with a thermostabilized housing, which project the 
radiation from the monochromator output slit on the input of the radiometer or detector to be calibrated; (iii) 
the cryogenic vacuum chamber with the absolute cryogenic radiometer (ACR) manufactured by L-1 Standards 
and Technology, Inc. (USA); (iv) the vacuum chamber with detectors to be calibrated; (v) the vacuum chamber 
with input window, which binds the cryogenic chamber with the ACR and detectors vacuum chamber to a 
single vacuum space; (vi) the positioner, on which the ACR and detectors vacuum chambers are located. The 
cooling, vacuum, and measurements control systems are not shown on Figure 1.

The halogen lamp (5) for the wavelength range from 0.25 μm to 2.5 μm, and the blackbody with the 
temperature range from 1200 K to 3400 K for the wavelength range from 2.5 μm to 14.0 μm are used as radiation 
sources. The spectral lamp and the He-Ne laser are used for monochromator wavelength calibration and for the 
optical system alignment, respectively. Radiation of sources is directed to one of the double monochromator 
input slits, in front of which the shutter (7) controlled by the computer and the filter wheel (8), are located. 
The unit (9) with replaceable apertures is arranged behind the monochromator output slit. The chopper (10) 
is placed after the aperture unit. Monochromator technical characteristics allow creating radiation with the 
spectral bandwidth from 6 nm to 48 nm, depending on the wavelength in the range from 0.25 μm to 14 μm.

figure 1. VNIIOFI facility for realizing the primary standard for radiant power
1 —  ACR; 2 —  McPherson’s double monochromator; 3 –white light laser; 4 —  spectral lamp; 5 —  halogen lamp; 6 –blackbody with temperature of 3400 
K; 7 —  shutter; 8 –filters unit; 9 —  replaceable apertures module; 10 –chopper; 11 —  aspherical optical unit with thermostabilized housing; 12 —  vacuum 
chamber with input window; 13 –vacuum valves; 14 —  vacuum chamber for detectors under calibration; М1, М2 —  off-axis parabolic mirrors; М3, М4, М5, 
M8 —  spherical mirrors; М6, M7, M9 —  plane mirrors.
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Radiation from the monochromator output slit is directed using two off-axis parabolic mirrors (M1, M2) to 
the entrance window of the vacuum chamber (12), which forms a common vacuum volume for the ACR and 
detectors to be calibrated. The vacuum valves (13) are located between the common vacuum chamber with 
the input window, the radiometer cryogenic chamber (1), and the detectors vacuum chamber (14). The rotation 
stage, on which five detectors can be placed, is located in the detector vacuum chamber.

The Si photodiode trap detector, the set of InGaAs photodiodes, and the InSb–CdHgTe two-color detector 
are used as transfer standards. The ACR and the detectors vacuum chambers are attached to the common 
vacuum chamber with the optical window using a flexible Y-bellows, which makes unnecessary measurements 
of the optical window transmittance. Automatic translation stage, on which the ACR and detectors vacuum 
chambers are arranged, allows to expose the ACR or detectors to radiation according to the measurements 
program. Monochromatic radiation, whose radiant power is measured by the ACR, is directed to the detector 
to be calibrated.

The main part of the facility is the ACR, the cavity nonselective thermal detector with electrical substitution. 
The principle of electrical substitution consists of heating the receiving cavity to the same temperature as it 
is heated by optical radiation and precise measuring the electric power, which gives heating equivalent to 
that due to optical radiation. Thus the accuracy of calibration against electrical substitution radiometers is 
determined by electric power measurements that are substantially more accurate than direct temperature 
measurements of a radiating cavity.

The ACR is a complex cryo-vacuum and electronic system that includes a vacuum system for the radiometer 
cryostat internal volume, a cavity, a heat sink, a cooling and temperature stabilizing system, and an electronic 
measurement system. The radiometer cryostat internal volume is evacuated to the pressure of 10–7 mbar 
measured by the vacuum gauge with the measurement range from the atmospheric pressure to 10–8 mbar. 
The radiometer cavity is cooled down to 3 K using the mechanical cooling system connected to the helium 
compressor.

Actually, electric heating is performed in the optical phase as well as in electric phase. In the optical phase, 
the cavity temperature TOPT can be calculated as follows:

T S P POPT EL.OPT. BG= ⋅ +( ) ,     (1)

where TOPT is the cavity temperature, S is the cavity transformation coefficient, PEL.OPT. is electric power provided 
to the cavity substitution winding at the optical phase, P0 is the measured optical power, PBG is the background 
radiation power.

In the electric substitution phase, the radiometer cavity temperature TSUB can be calculated as follows:

T S P PSUB EL.SUB. BG= ⋅ +( ) ,     (2)

where PEL.SUB. is electric power provided to the cavity substitution winding at the substitution phase. The cavity 
temperatures at the optical phase TOPT and the substitution phase TSUB are assumed to be equal. In this way,

P  PO EL.SUB EL.OPT.= − .     (3)

The ACR specification is presented in Table 1.

Table 1. Specification of the ACR
Parameter Value

Cavity absorptance 0.9999

Wavelength range, μm 0.2…25.0

Acceptance angle, degrees 7

Aperture diameter, mm 7

Receiver thermal response time, s < 10

Dynamic range, μW 1…500

Noise at 30 second integration, nW < 10

The relative standard uncertainty of power measurements in the wavelength range from 0.25 μm to 14 μm 
is from 8.8·10–4 to 1.9·10–2.

Comparison of spectral responsivity scales between the VNIIOFI and the PTB were performed using the Si 
trap detector and the laser with power of 300 μW at 0.633 μm as radiation source. Comparison results showed 
agreement of the spectral responsivity scale within 0.01 %.
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As can be seen from Table 1 the high power levels are required in order to perform accurate measurements 
of optical power with an absolute cryogenic radiometer. The solution of this problem in the spectral range 
from 0.39 to 2.40 μm is using of a white laser “supercontinuum” —  the WhiteLase Supercontinuum 400–4 laser 
system from Fianium Ltd.

A special collimator with a focusing system was designed and manufactured in order to match the laser 
radiation with a monochromator. This system transforms the laser beam with a diameter of 5 mm to a parallel 
beam of 30 mm in diameter. There is a focusing system consisting of a flat mirror and a spherical mirror after 
the second mirror of the collimator. The laser radiation is formed into a solid angle filling the aperture angle of 
the monochromator with help of this focusing system. Figure 2 shows this special collimator with a focusing 
system.

figure 2. Laser collimator with focusing system

The measurements of the spectral power levels in the spectral band of 6 nm in the input of the monochromatic 
source based on a white laser in the spectral range from 380 to 1600 nm were performed. The results of these 
measurements are given in Table 2 and in Figure 3.

Table 2. The results of measurements of monochromatic source power

Wavelength λ, nm Laser source power
PLAZER(λ),uW Wavelength λ, nm Laser source power

PLAZER(λ),uW

380 1,11 1000 22,70

400 72,05 1050 39,26

410 662,70 1100 40,25

450 358,95 1150 45,88

500 281,49 1200 48,20

550 289,58 1250 49,38

600 156,19 1300 48,46

650 85,74 1350 41,46

700 49,75 1400 23,78

750 22,22 1450 30,81

800 8,76 1500 51,61

850 7,00 1550 24,69

900 8,71 1600 19,85

950 14,09
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figure 3. Monochromatic source power with spectral band width of 6 nm

Except that the measurements of the spectral power level in the spectral band of 6 nm in the output of the 
monochromatic source based on a halogen lamp as a source in the spectral range from 380 to 1600 nm were 
performed. The results of the comparison of the spectral power levels at using as a source a white laser or 
halogen lamp are given in Figure 4.

Figure 4. Comparision of power levels using the Laser Source Power and Lamp Source Power
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Introduction
Currently, the brightness measuring instruments (MI) are in the center of focused attention from the quality 

services, product certification bodies, expert and laboratory centers, occupation and safety monitoring 
services. Therefore, the demand for these MI tends to constant growth. Most brightness meters are registered 
in the State Register of measuring instruments and subject to verification (calibration). However, metrological 
support of brightness MI is a quite difficult task. Despite the fact that the developed methods of verification 
(calibration) quite clearly describe the procedure itself, instrumental implementation and various technical 
design of brightness MI, in particular angle of “view” of the photometric head lead to apparent discrepancies 
in the transition from an ideal Lambertian surfaces to real objects. This paper highlighted the key issues arising 
from brightness meter calibration and brightness measurement. It is shown that the attachable brightness 
meter angle of “view” is one of the essential factors affecting the accuracy of readings. The methods to account 
for this factor are provided.

Brightness is a physical quantity that is numerically equal to the ratio of luminous intensity of the surface 
element to its   projected area perpendicular to the direction in question. Another definition: brightness is a 
ratio of illuminance in the point of plane perpendicular to the source direction to the elementary solid angle 
that encloses the flux creating this illuminance. The unit of the brightness in the SI system is the cd/m2.

Of all the luminous quantities the brightness is most directly linked with visual sensations since the illuminance 
of object images on the retina is proportional to the brightness of these objects. Brightness in the photometry 
is determined by brightness meters, the most common among them are the photoelectric brightness meters 
that implemented the principle of conversion of the photocurrent into the detectable electrical signal.

The brightness meters may be divided into two types by the measuring method: attachable and projection. 
In the case of attachable brightness meter, when measuring the photometric instrument head is positioned 
close to the measured object. This method is useful in measuring the brightness of extended self-luminous 
objects such as light boards, display screens and cathode ray tubes. The projection brightness meters 
include the instruments for measuring the brightness of objects located far enough from the operator. Such 
instruments in contrast to the first type instruments can be used for measuring the brightness of both self-
luminous and non-self-luminous objects. Most commonly, the projection brightness meters are used to 
measure the brightness of distant and non-self-luminous objects: signal lights, lanterns, cinema screens, etc. 
This type brightness meters are generally provided with imaging device for display of the measured object and 
measured brightness values.

Today the following attachable brightness meters are the most widely used in Russia (according to our 
sources, more than 90 % market coverage): Argus-02, Argus-12 (FSUE VNIIOFI, Moscow), luminance meter TKA-
PKM model 02 and TKA-04/3 (STP TKA LLC, St. Petersburg) and multi-channel measurement systems Ekolight 
and Ekofizika (Ekosfera LLC, Moscow). These measuring instruments are registered in the State Register of MI 
and have similar metrological characteristics: brightness measuring range 10 to 200,000 cd/m2, relative error 
±10 %. Due to their relative simplicity and ease of use these instruments have found wide application in all 
areas of the economy.

Despite the similarity of the technical and metrological characteristics of the brightness meters and their 
areas of application, the design of the photometric instrument heads of different manufacturers differ 
significantly. In particular such an important parameter as the angle of “view”, which characterizes the 
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spatial angle of ray collection, can vary quite widely: from ~180 to 8 degrees. As a result the readings of such 
measuring instruments for a variety of objects of practical importance (LCD monitors, negatoscopes, etc.) can 
be significantly inconsistent with each other. For example, the readings of brightness meters Argus-02 and 
Ekolight successfully passed verification when measuring the brightness of the LCD monitor screen (and this 
is one of the main measurement objects for these instruments) may differ 1.5–2 times depending on the type 
of monitor. The difference between the readings of instruments manufactured by company STP TKA LLC and 
the brightness meter Argus-02 is less significant but in some cases it can exceed the error of these instruments. 
The difference between readings of different types of MI was repeatedly reported by the users of brightness 
meters. It stands to reason that this problem is of methodological nature and is associated with features of 
both the instruments and the measurement objects.

Let us consider in more detail the design features of various types of brightness meter, their process of 
verification and the characteristics of some self-luminous objects.

GOST 8.665–2009 “State system for ensuring uniform measurement. Light meters and photoelectric 
brightness meters. Verification technique.” is the main regulatory document establishing the methods and 
verifying instruments of photoelectric brightness meters (and light meters). The technique for verification 
(calibration) of the brightness meters used as working MI uses the photometric bench as the main installation 
consisting of the photometric lamp (emission source) and photometer separated by an opaque screen, in the 
hole of which is fixed a “milk” glass (light diffuser) bounded by a circular aperture (Fig. 1).

SIS type lamp (1) illuminates the “milk” glass (2) creating a uniform brightness field on the opposite side of 
the glass. If the aperture diameter is d then the reference photometer must be placed at a distance

r2 > 10d      (1)

The reference photometer measures an illuminance E, created by a luminous “milk” glass disc at the point (3). 
The actual value of the brightness of the surface of the “milk” glass is calculated by the formula (1):

L = 4 Е r2
2 / πd2      (2)

It should be noted that this technique has certain limitations as it allows to determine the brightness of 
the “milk” glass only in the direction of the photometer that collects light from an angle less than 6 degrees 
in accordance with the condition (1). Brightness of the “milk” glass in other directions may differ significantly 
from the front brightness measured using this method. To prevent this from happening the GOST 8.665–
2009 recommends to use as a “milk glass” the glass with the light scattering characteristics close to the ideal 
Lambertian ones, e. g. MS-13 grade glass 2–3 mm thick or a spherical integrator, a special device allowing to 
receive brightness indicatrix close to ideal.

According to [1], all brightness meters are adjusted before release using such “ideal” source of brightness 
and thus work quite well for objects with the light scattering characteristics close to ideal. However, an even 
distribution of brightness is rather the exception. In actual practice, the object brightness is largely dependent 
on the direction, in particular in the case of extended self-luminous objects such as a various screens, displays, 
scattered light sources i. e. just those objects, the brightness of which is to be measured using the attachable 
brightness meter. For example Fig. 2 shows typical brightness indicatrices of the “milk” glass MS-13 (1), LCD 
monitor (2) and the domestic “milk” glass (3) obtained by etching the surface of ordinary glass.

The sectors I and II in the same figure designate the angles of “view” of the different type brightness meters. 
This significant difference in the angles of view is due to design features of their photometric heads. Argus-12 
and Ekolight type brightness meters uses the light meter photometric head having an angle of view of about 
180 degrees as a brightness meter sensor according to GOST 8.665–2009. In fact, these instruments measure 
not the brightness but illumination near the surface of a self-luminous object. Their operation is based on the 

Fig.1. Installation for the brightness meter verification on the 
photometric bench: 1 —  SIS type emission source; 2 —  opaque aperture 
with “milk” glass, the center of which coincides with the axis ОО’;  
3 —  reference photometer

Fig.2. Typical brightness indicatrices of: 1 —  Lambertian light source (brightness does 
not depend on the direction), 2 —  surface of LCD monitor, 3 —  poor quality “milk” 
glass. Roman numerals indicate the angles of view of the brightness meter types: 
 I —  Argus-12, Ekolight, II —  Argus-02.
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fact that in the case of an infinite uniformly luminous plane, the brightness of which does not depend on the 
angle of view, the following formula holds true [2]:

L = E/π,      (3)

However, this formula for the majority of real objects does not work because their brightness indicatrix 
differs significantly from the ideal (Fig. 2, curves 1 to 3). Thus, the scope of application of these instruments is 
substantially limited, however, this restriction is not specified in their operational and technical documentation.

The brightness meters of STP TKA have a slightly larger angle of view (10 to 15 degrees; this characteristic is 
not specified in the operational and regulatory documentation and calculated approximately on the basis of 
the geometry of photometric head) that in the case of a narrow direction pattern at the light source may result 
in significant additional error.

Argus-02 type brightness meters among the brightness meter models considered here to the maximum 
extent corresponds to the brightness measurements of the reference photometer according to the diagram in 
Fig. 1 regardless of the type of diffuser used as a source of brightness because they have the smallest angle of 
view of 8 degrees according to the data sheet.

In our opinion, the optimal angle of view for the attachable brightness meter shall be about ~6 to 8 degrees 
as this angle to the maximum extent corresponds to the method of determining the maximum brightness 
with a reference photometer. A further decrease of the angle of view is not justified since it would lead to a 
substantially increased design complication and additional cost of the brightness meter (lens use is required).

Since GOST 8.665–2009 is a fundamental regulatory document for verification of photoelectric brightness 
meter to solve the above referenced problems it seems appropriate to amend it as follows:

1) to introduce a concept of attachable brightness meter;
2) to set the optimum angle of view for these MI;
3) to add a control of photometric head angle of view as a mandatory procedure for initial verification.
The existing verification (calibration) procedure developed by individual brightness MI manufacturers shall 

be also revised similarly to GOST 8.665–2009.
Thus, the angle of view of the brightness meter is an important parameter for the proper measurement 

of brightness of the self-luminous extended objects and shall be indicated in the operational and technical 
documentation and obligatorily taken into account when registering the MI in the State register and during 
verification (calibration).
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In this report the authors provide the results of research devoted to interactions between titanium dioxide 
nanoparticles and whispering gallery mode optical resonators. They show possibility to determine nanoparticles 
concentration in air.

The report examines the results of studies on the interaction between nanoparticles of titanium dioxide 
and optical resonators with whispering gallery modes. The possibility of determining the concentration of 
nanoparticles in the air is shown.

At the moment, our laboratory develops sensors based on optical dielectric microcavities capable of 
detecting small concentrations of nanoparticles in liquid and gaseous media. The report examines the results 
of studies on the interaction between nanoparticles of titanium dioxide and optical resonators with whispering 
gallery modes in the air.

Optical disc microresonators are now actively used in many areas of photonics, such as the creation on the 
basis of microresonators of electro-optic modulators, lasers, descriptors, displacement sensors, and others. 
Particularly noteworthy is the possibility of manufacturing micro and nanoparticle sensors, for example for 
biological objects [1].

Due to their small size and the use of modern materials with very low optical losses, optical dielectric 
microcavities with whispering gallery modes combine high quality factor, small dimensions, and high 
concentration of the optical field.The whispering gallery mode in the ray representation can be represented as 
an optical wave propagating near the inner surface of an axially symmetric dielectric body so that the angle of 
incidence at the interface exceeds the angle of total internal reflection, as shown in Fig. 1 (a). Resonance occurs 
when two conditions are satisfied: the trajectory of the beam must be closed, and also an integer number of 
wavelengths must be laid on this trajectory. A detailed description of optical resonators of this type is given, 

for example, in the monograph [2].
Due to the very high optical quality factor and the ability 

to localize the field in a very small volume, the frequency 
characteristics of optical dielectric microcavities strongly 
depend on even very small inhomogeneities in the 
structure of micro-resonators, which makes it possible to 
create sensors based on them.

We present the current results of the development of 
a similar sensor designed for the detection of titanium 
dioxide nanoparticles. The setup for the detection of 
titanium dioxide particles is shown in Figure 2.

Initially, it is necessary to place the microcavity (13) in the cuvette (10), and it is necessary to place 0.1 g of 
nanopowder dioxide in a two-necked round-bottomed flask (4). Gas from the cylinder (1) passes through the 
reducer (2) and the flowmeter (3) enters the two-necked round-bottomed flask (4), which is located in the 
ultrasonic bath (5). The particles to be thrown are picked up by the gas flow and transferred to the microcavity.

Light from a tunable laser with a wavelength of 670 nm (6); Passes through the Faraday isolator (7), the 
movable mirrors (8) and the lens (9), then the beam enters the inner volume of the cuvette, where it focuses 
on the base of the rectangular prism (10); The microcavity (13) in the measuring cell is fed to the piezo supply 
prism; Light emitted from the microresonator enters the photodetector (11); The received signal is processed by 
the oscilloscope (12). The concentration of nanoparticles is determined using an aerosol analyzer “KANOMAX” 
model 3521 (14). All unused particles get into the hood (15).

Fig. 1 —  Propagation of laser radiation inside a disc microcavity with whispering 
gallery modes in the approximation of geometric optics (a) and the distribution 
of the intensity of an optical wave into a microresonator at resonance (b)
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The cuvette, used to study the frequency characteristics of the optical disc microcavity, is hermetically 
sealed, made of duralumin grade D16T. It has a front window for the transparent cover through which visual 
control over the microcavity tuning is carried out. Observation of the motion of the optical microresonator, 
supplied by means of a three-coordinate translator, is carried out both directly, through the transparent front 
window of the cell, and by its reflected image through a microscope.

To determine the characteristics of optical disc microcavities, a system was prepared for the preparation and 
supply of gas mixtures with nanoparticles to a cuvette with a microcavity.

Ultrasonic vibrations in the flask create a gradient of the concentration of titanium dioxide nanoparticles in 
the volume of the flask. At the same time, the nanoparticle concentration is higher at the bottom of the bulb 

Fig. 2-Scheme of the device for feeding a model mixture of nanoparticles in the air to the experimental sample of an optical disc microcavity 
1 —  balloon with gas, 2-reducer, 3 —  flow meter, 4 —  two-necked round bottom flask with titanium dioxide, 5 —  ultrasonic bath, 6 —  tunable laser with a 
wavelength of 670 nm, 7 —  Faraday isolator, 8 —  movable mirrors, 9 —  Lens, 10 —  cuvette, 11 —  photodetector, 12 —  storage oscilloscope, 13 —  microcavity, 
14 —  aerosol analyzer «KANOMAX» model 3521, 15 —  extractor

   (a)       (b)
Fig. 3 Photo of an optical dielectric microcavity after 500 seconds of feeding a sample of titanium dioxide nanoparticles (a), titanium dioxide nanoparticles (b)
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than in its upper part. The airflow from the balloon mixes the particles in the flask, which causes an increase 
in the concentration of titanium dioxide nanoparticles in the upper part of the flask. This fact explains the 
existence of a dependence of the concentration at the outlet from the system on the flow.

Dispersing of particles occurs due to ultrasonic oscillations, which are strongly attenuated in bulk materials. 
Therefore, the amount of nanoparticle powder in the flask should be kept to a minimum. In addition, the 
transmission efficiency of an ultrasonic wave increases significantly if a standing acoustic wave forms between 
the bottom and the walls. To fulfill this condition, the position of the bulb in the bath is adjusted vertically by 
mixing it in a tripod. Optimum position of the bulb is determined visually by a sharp increase in the intensity 
of the nanopowder dispersing process and is additionally monitored using the aerosol analyzer KANOMAX 
model 3521.

A photo of a microresonator with nanoparticles deposited on its surface is shown in Fig. 3. The luminous 
points are titania particles reducing the quality of the microresontator.

The study used certified samples of nanoparticles. Measurement of the size of titanium dioxide nanoparticles 
was carried out by transmission electron microscopy, followed by TEM (Fig. 3 (b)), dynamic light scattering was 
performed on a Zetasizer Nano-ZS particle analyzer and using the differential electric mobility analyzer TSI 
SMPS3936. The average particle size 40 Nm.

During the mathematical processing of the signal, the dependence of the width of the resonance curve on 
time is calculated. Examples of such dependences are shown in Fig. 4. The concentration of 5.85 mg / m3 (1) 
was marked with dotted line in Fig. 4, 3.24 mg / m3 (2) was marked with a dotted line, the solid line indicated a 
concentration of 3.02 mg / m3 (3).

It can be seen from the graph of Fig. 3 that there is a dependence of the rate of degradation of the Q of the 
whispering gallery modes on the particle concentration. As a result, it was shown that with the help of this type 
of sensor it is possible to determine the concentration of titanium dioxide nanoparticles in the air.

However, microresonators in air have less sensitivity compared to sensitivity in water, because because of 
the greater difference in the refractive indices of the microresonator and the medium, the dropping field falls 
off at a shorter distance.

The use of high-Q optical resonators as high-sensitivity sensors is capable of solving the problems of 
ensuring the safety of production in the field of the nanoindustry.

1. Foreman M. R., Swaim J. D., Vollmer F. Whispering gallery mode sensors // Advances in Optics and Photonics, 
Vol. 7, No. 2, 2015. pp. 168–240.

2. М. Л. Городецкий Оптические микрорезонаторы с  гигантской добротность  —  Москва: Физматлит, 
2011. — 416 с. 

Fig. 4 Graph of dependence of Q-factor broadening for various concentrations of titanium dioxide nanoparticles on time
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Abstract:
The problems of metrological support of parameters of aspherical surfaces (AS) of a convex shape up to 

250 mm in the optical industry is considered. Methods for measuring AS parameters have been analyzed, a 
universal method that is not tied to a specific AS has been chosen, the implementation of which will allow the 
improvement of the Primary National Standard 183–2010.

Aspheric optics is an important component of modern optical instruments and systems. The use of such 
optics provides a significant reduction in the weight and dimensions of optical instruments, improving the 
quality of the image, the aperture and the field of view [1]. In systems, such properties are due to the fact 
that the aspherical surface (AS), in distinct from spherical, has a number of parameters: vertex radius, conic 
constant and other aspherical coefficients, which makes it possible to reduce or completely compensate for 
the aberrations of optical systems.

Due to such properties, details and elements of aspherical optics have a wide range of uses: as in microsystems, 
where the dimensions of parts can be several mm, and large-sized instruments ranging in size from 200 mm to 
several scores of meters, with the surface form 30–60 nm.

The main measuring instruments of the AS form parameters are interferometers operating according to the 
Fizeau or Twyman-Green schemes.

An important problem is that today in Russian there is no reference base in the field of aspherical optics 
form deviations parameters measurements, and the accuracy of the form is provided only technologically in 
the production process.

The development of metrological support is complicated by the fact, that existing interference devices, 
intended for the control of aspheric surfaces use special lens, mirror or holographic compensators, which 
are designed to form the wavefront of comparison [1–3]. Interferometers with such compensators allow one 
specific aspherical surface to be controlled with certain parameters. A new compensator is manufactured for 
each new surface. Those, if the interferometer is used as a reference for the standard, it will be necessary to 
manufacture a plurality of compensators, which is not possible.

Thus, to solve the problem of metrological support, it is necessary:
- develop a set of methods and tools (working standards) for transferring a unit of length from primary 

standards to working measuring instruments;
- develop a model of a standard, working on the basis of a universal instrument for the control of aspherical 

surfaces and taking into account the mentioned above features of aspherical surfaces;
- develop a set of normative documents: measuring procedure, verification schemes documenting the 

procedure for transferring a unit of length in this type of measurements from primary standards to working 
measuring instruments.

As a result of the modern methods and aspherical surfaces instruments [1, 5–11], it was revealed, that in 
addition to compensating control methods, the orthogonal ray method [5], the Harman method [6], and the 
interference control method using the reference sphere with Radius close to the vertex radius AS. The latter 
method is applicable, if the vertex radius of the AS is equal to the radius of the reference sphere, and the 
Hartmann method requires the reference surface. Thus, these two methods are not suitable for solving the set 
tasks, because have limited use.

A feature of the method of orthogonal rays is that it is not tied to a specific AS, and unlike all other methods 
has a wider application.

To solve the problem, the orthogonal ray method was chosen. Fig. 1 shows the measurement scheme. The 
investigated surface is illuminated by a beam of parallel rays, propagating perpendicular to the optical axis of 
the mirror. The interference pattern is formed by the interaction of two wave fronts, one of which (indicated 
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as 2 in Figure 1) is sent to the analysis plane (PA) after reflection from the monitored surface, and the other 
(indicated as 1), bypassing it.

The interference picture is analyzed in a plane perpendicular to the original beam direction and allows to 
control the form and geometric parameters of the meridian profile of the surface. The form of the interferogram 
is unique for each monitored surface, but the interferogram is always a multi-thickness arc, and the first arc, 
closest to the top of the mirror, has the largest width. The radius of curvature of the interference arcs is so large, 
that the arcs can be considered bands.

The width of the recorded interference fringes is determined by the formula:

b =
λ
ωsin

      (1)

where ω is the angle between the interfering beams.
The structure of the beam reflected from the controlled surface carries information about form and quality 

of the surface.
Approbation of this method was carried out at Bauman Moscow State Technical University. The scheme of 

the experiment is shown in Fig. 2.
To create a point source, the Zygo interferometer was used.The carried out experiment confirmed that when 

controlling the AS by the method of orthogonal rays, an interference picture with bands of different thickness 
is obtained.

To implement this method, it is planned to use the unit that is part of the Primary National Standard 183–
2010. The unit will form a flat standard collimating beam with a diameter of 280 mm at the inlet, which is 
necessary for illumination of the controlled part. The monitored part will be fixed horizontally on the precision 
turntable. The resulting interference image will be recorded using a matrix array. During the measurements, 
a fragment of the monitored mirror that enters the matrix will be recorded. Next, using the rotary table, the 
following fragment will be recorded. The resulting fragments of interference patterns will be cross-linked into 
one common interference pattern, characterizing the form of the AS.

Theoretical calculation showed, that the device will be able to measure the form parameters of convex AS 
with a size from 50 to 250 mm with asphericity no more than 8 μm/m and an error of up to 60 nm.

Figure 1 —  Diagram of the interference control method

Figure 2 —  Diagram of the experi1mental setup Figure 3 —  Fragment of the obtained 
interference picture
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Thus, the improvement state of the Primary National Standard 183–2010 will allow metrologically ensure 
measurements the aspherical surfaces form deviation parameters up to 250 mm in size with an error of 
measurement of 60 nm.
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Аннотация —  Расширены функциональные возможности Государственного первичного эталона 
единицы силы света за счет внедрения методики воспроизведения, передачи и хранения импульсных 
световых величин. Предложен метод для воспроизведения единицы освечивания на основе воспроиз-
ведения единицы силы света при использовании узкополосного светодиода с симметричным распре-
делением спектра.

Abstract —  The functionality of the State primary standard of luminous intensity unit is expanded through 
introduction of reproduction, transmission and storage of pulsed light quantities. A method for reproduction of 
illumination unit characterizing pulsed light quantities is proposed based on reproduction of luminous intensity 
unit when using a narrow-band LED with symmetrical spectrum distribution.

Introduction
In recent years, the field of application of light-emitting diodes (LED) and LED-based lighting equipment is rapidly 

expanding. LEDs have become widely used in various fields of industry, modern life and science. This also applies 
to metrology, in which the field of using LEDs as reference sources of optical radiation during reproduction and 
transmission of light units is developing [1]. The reason for such dynamic development is a number of significant 
advantages of LEDs (long operating time, spectra variety, energy efficiency, location of spectrum in the eye sensitivity 
area) against other light sources. Together with introduction of light-emitting diodes the necessity to measure 
pulsed light values, which may be present in some LED equipment structures, has become more significant. This, in 
particular, stipulates the importance of development of appropriate metrological support for health care [2].

This research was carried out as part of work on expansion of functionality of the State primary standard 
of luminous intensity unit in the part of reproduction and transmission of flashing light quantities using LED 
source. Illumination unit (cd·s) is one of the main light units for characterization of pulsed light quantities. For 
reproduction of illumination unit, the luminous intensity unit (cd) shall be reproduced on the source that can 
give ability for modulation of light radiation with different frequency, amplitude and signal form. All this leads 
to the necessity to create appropriate standards and equipment for calibration of measuring equipment for 
both continuous and pulsed radiation (photometers, luxmeters, flicker meters).

The purpose of this research is expansion of functionality of the State primary standard of luminous 
intensity unit through introduction of the method of reproduction, transmission and storage of pulsed light 
values. For this purpose, it is necessary to develop a method for LED selection for reproduction of luminous 
intensity unit and use the obtained luminous intensity unit (cd) for reproduction and transmission of the 
illumination unit (cd·s).

In 2015, the method of reproduction of luminous intensity unit [1] based on white LED with a trap detector was 
proposed. Since the LED emission spectrum is located in the area of relative spectral luminous efficacy of radiation 
for human daylight vision V(λ) (Fig. 1), the filter for bringing the sensitivity of the detector to V(λ) may be not used 
[1]. In the research [3], a comparative analysis of methods of reproduction of luminous intensity unit was performed 
using various sources of optical radiation (LED, a source of monochromatic radiation and a type A source). The main 
line of research was aimed at uncertainty associated with spectral quantities. The results showed that in case of using 
LEDs one of the main sources of uncertainty components are the results of LED radiation spectrum measurement. 
It shall be noted that there is no standardized LED source at the current moment. It is obvious that upon availability 
of a standardized LED source of optical radiation, the spectrum measurement uncertainty will disappear, the total 
extended uncertainties for a Type A source and LED will be equated, and the existence of unsuppressed spectral 
areas of the Type A source will make the LED using method more advantageous.
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One of the most accurate sources of radiation used at reproduction of the unit of luminous intensity is laser, which 
is a source of monochromatic radiation. In this case the accuracy of reproduction is affected by determination of 
the center frequency and the radiation power. To reduce the uncertainty components associated with the accuracy 
of radiation line definition, this type of sources is usually located in the vicinity of 555 nm (the maximum of V(λ) 
function), where the dependence on the wavelength is minimal. If the source spectrum is not monochromatic, 
but quasi-monochromatic (as in the case of LED), the spectrum measurement uncertainty increases.

The proposed method consists in using the property of the function of the visibility of the human eye V(λ). 
Instead of a broadband LED with several peaks, symmetrical narrow-band LEDs can be used. Based on the 
definition of candela, luminous intensity is considered to be a unit of luminous flux in a single solid angle.
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∞

∫K V d
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,       (1)

where Φ is luminous flux, lm;
К is 683 lm/W, a factor providing correlation of photometric and energy units;
ΦLED is spectral density power of the LED radiation;
V(λ) is photopic luminosity function.

The expression written in formula 1 implies precise knowledge of the LED emission spectrum. The proposed 
method consists in expanding the function V(λ) in a Taylor series. The result of this expansion is the expression:
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where ФLED is the values of LEDs power spectral density measured at equidistant wavelengths λi;
Δλ is the distance between λi;
V0 is the V(λ) value at the point λ0;
V′ is the first V(λ) derivative at the point λ0;
V″ is the second V(λ) derivative at the point λ0;

That measurements of Φi shall be performed at all λi wavelengths, where the value of Φi is different from zero.
Let’s consider each term of the given expression separately. The first term is the integral power Σ(ФLEDiΔλ) 

of radiation with the maximum of the LED spectrum at the point V0. The power can be measured with a non-
selective detector and does not require accurate knowledge of the LED emission spectrum.

The second term includes the first derivative of the function V(λ). Using of LEDs with a symmetrical spectrum 
brings the value of the second term ′ − ⋅∑V ( )λ λ

i i0
Φ  to small numbers, so this value shall be considered as equal 

to zero.
The main idea of the proposed method is that the zero point V0 of the LED emission wavelength shall be 

selected so that the second derivative of the function V(λ) is minimal (Fig. 1); ideally, it shall be equal to zero. 
Such areas are supposed to be the regions of inflections of the function V(λ). Thus, in accordance with the 
results of calculations, for the regions of inflections of the function V(λ), the third term of the expression 
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will be non-significant.
As a result, we can see that the first term does not require spectrum measurement —  it is the measurement 

of integrated power. The second one disappears due to contour symmetry, and the influence of the third 
term with the spectral component becomes significantly less. Analysis method applicability can be expressed 
in terms of the ratio of results for calculation of Ф by formula 1 and Ф by formula 2 presented in Table 1 for 
points V0. Calculations were performed with step of 1 nm for various half-widths of the spectra of light-emitting 
diodes in both regions of inflection of the function V(λ) and in maximum of the function V(λ).

Table 1 —  Analysis of method applicability
Half-widths, nm 3 8 10 12 14 16 20 30 50
Green area, nm 515 515 515 515 515 515 515 515 516
Correlation 1,000052 1,001224 1,001791 1,002175 1,002298 1,002124 1,000905 1,006018 1,004872
Red area, nm 593 593 593 593 593 593 594 595 595
Correlation 1,000049 1,000241 1,000252 1,000179 15Е-8 1,000301 1,000298 1,000772 1,006957
Max point V(λ), nm 555 555 555 555 555 555 555 555 555
Correlation 1,000001 1,000151 1,000319 1,000565 1,000909 1,001356 1,002532 1,004968 1,034221
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Comparing the results obtained for points in the vicinity of 515 nm and 593 nm with the results at 555 nm, 
we can state that the proposed locations provide higher accuracy, even considering the non-monochromatic 
spectrum of LEDs.

Determination of inflection points of the function V(λ) (Fig. 1) shows that the most preferable area, at a 
half-width of 10 nm, is the wavelength interval of 590…625 nm, where the value of the second derivative is 
minimal. The green spectrum region at Fig. 1 has no linear section; therefore, upon LED spectrum selection 
there will be a large contribution of uncertainty associated with inaccurate measurement of V0.

The accuracy of measurement based on the proposed method is determined by the third term of expression 
2. Accuracy increase can be measured quantitatively through the ratio of the third term and the result of Ф 
calculated by formula 1.

The complexity of method implementation remains is significantly dependent from the accuracy of 
determination of V0. For inflection points, a deviation of 1 nm gives an deviation of about 1.5 %. To meet the 
accuracy requirement of 0.1 %, it is necessary to measure the LED spectrum maximum with an accuracy of 0.05 
nm. Significant reduction in the requirements for LED power spectral density measurement accuracy, which is 
usually one of the main components of uncertainty at reproduction, makes the proposed approach promising.

By means of mathematical transformation, the 
results that differ from the generally accepted 
approach were obtained. This method can be applied 
to any narrow-band symmetrical source. However, 
considering that the currently used methods of 
luminous intensity unit reproduction based on 
incandescent lamps, mercury lamp and laser radiation 
cannot be used to provide measurements of pulsed 
light values, the proposed method of using a light-
emitting diode was introduced during modernization 
of the State primary standard of luminous intensity 
unit (Fig. 2) providing pulsed light measurements.

The use of LEDs in pulse mode allows measurements 
of pulsed light values.

Conclusion
The method of reproduction of luminous intensity unit using a trap-detector and a colored narrow-band 

LED with symmetrical radiation spectrum was proposed. Due to absence of a correcting filter and selection of 
optimum LED wavelength in the part of the spectrum V(λ), where the second derivative of V(λ) has a minimum 

Fig. 1 —  Distribution of the second derivative of the function V(λ)

Fig. 2 —  State primary standard of the luminous intensity unit
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value, the requirements for accuracy of LED spectrum measurement are decreased and the expanded 
uncertainty of luminous intensity unit and illumination unit reproduction is decreased as well.

The method allows reproducing luminous intensity unit and illumination unit using the fundamental 
properties of human eye visibility curve. Location of the LED spectrum in the region of inflections of the 
function V(λ) slightly increases the requirements for accuracy of the source spectrum maximum measurement; 
however, a significant reduction of requirements to this spectrum measurement accuracy makes it possible to 
reduce the reproduction uncertainty.

Based on the results of luminous intensity unit reproduction on the basis of LED, it was proposed to reproduce 
the illumination unit, which characterizes the pulsed sources of optical radiation.

Due to introduction of measurement of flashing light quantities, reproduction and transmission of 
illumination unit, the functional capabilities of the State primary standard of the unit of luminous intensity 
were expanded. It allows measuring the parameters of light pulsation and periodic (signal) light sources and 
analyzing the sources and detectors of continuous and pulsed optical radiation as well.
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IMPROVING ACCuRACY ChARACTERISTICS Of ThE NATIONAl 
STANDARD uNIT Of POwER fluX DENSITY NE RB 26-15 
ThROuGh ThE REDuCTION Of ERROR DuE TO IMPEDANCE 
MISMATCh IN ThE MICROwAVE MEASuRING TRACT

Aliaksey Valynets
Republican Unitary Enterprise 
«Belarusian State Institute of Metrology»

This article describes the sources of systematic errors of the National standard unit of power flux density NE 
RB26–15; methods of reduction the systematic error due to impedance mismatch in the microwave measuring 
tract; evaluation of non-excluded residues of systematic errors after the using different methods of reduction the 
systematic error due to impedance mismatch in the microwave measuring tract and their comparative analysis.

Introduction
The National standard unit of power flux density NE RB26–15 is intended for reproduction, storage and transfer 

unit of power flux density in free space. Its work is based on a standard reference antenna method. The values of the 
power flux density determine using a reference measuring device that consists of a reference measuring antenna 
and a power meter [1]. There are lots of sources of systematic errors of method that can be investigated. Next 
sources of systematic error were taken into account during calculation of a total systematic error of reproduction 
and transfer of the unit of power flux density: accuracy power measurements at the output of the reference 
antenna, the error of the reference antenna effective area, the error due to impedance mismatch in the microwave 
measuring tract, the error due to multiple reflections between the antennas, the error due to non-uniform plane-
wave field at the receiving antenna, the error of positioning of reference and investigating antennas, the error 
due to the instability of the electromagnetic field during measurement, the error due to multiple reflections of 
electromagnetic fields from the walls of an anechoic chamber [2]. The analysis showed predominance of two 
sources of errors: the error of the reference antenna effective area and the error due to impedance mismatch in 
the microwave measuring tract. There are lots of frequencies where the error due to impedance mismatch in the 
microwave measuring tract is dominant and it led to a significant non-excluded systematic error of the standard 
unit of power flux density in generally [3]. The goal of this work is to find a method of eliminating error due to 
impedance mismatch in the microwave measuring tract and raise the accuracy characteristics of the standard.

Assessment of error due to impedance mismatch in the microwave measuring tract and 
methods of its reducing

In the general case, the actual output power value in the output of the reference antenna can be determined 
by formula [4]:
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PM —  the absorbed by the thermoelectric converter power;
PA —  the actual value of the output power of the reference antenna;
Γ̇A и Γ̇P —  complex reflection coefficients of the reference antenna and the thermoelectric converter of power 
meter.

The relative systematic error due to impedance mismatch in the microwave measuring tract can be found 
from the formula:
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It follows from the formula (2), that there are three components of error due to impedance mismatch δmis: δmis1, 
δmis2, δmis3. We ignored the errors of the second order and after mathematical transformation got next formulas:
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α —  the angle between the unit vector and the vector corresponding to the vector multiplication Γ̇A ·  Γ̇P, 
degree.

Two methods can be distinguished among the existing methods to reduce of systematic error due to 
impedance mismatch:

1) a method based on the changing of a sign of the error;
2) a method based on the using of the correction factor.
In the first method is used precision wave-resistance gauge for the reflection coefficient phase change 

to π [5]. The main drawback of the method is the ability to accurately reproduce the phase shift π only at a 
fixed frequency and the deviation from this value in the frequency range. The second method is based on 
the measuring of the reflection coefficients of the reference antenna and the thermoelectric converter of 
power meter. Then this information is used to calculate correction factor and correct measurement results. 
The main advantage of the second method is its versatility in a wide frequencies range. Two approaches can 
be distinguished in the second method:

- measuring of the reflection coefficients by a scalar network analyzer and using correction factor based on 
the modules of complex reflection coefficients;

- measuring of the reflection coefficients by a vector network analyzer and using correction factor based on 
the modules and arguments of complex reflection coefficients.

The first approach is known and is used by laboratories, but can’t completely eliminate the error. Considering 
the advantages and disadvantages of the above methods we proposed method with modules and arguments 
of the complex reflection coefficient.

The correction factor to reduce the systematic error due to the impedance mismatch in the 
microwave measuring tract

Iintroduce some notation to make a correction factor based on the modules and arguments of complex 
reflection coefficients:

Γ Γ Γ
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= + j ; Γ Γ

AC A A
=  cosφ ; Γ Γ

AS A A
=  sinφ ,   (6)
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P PC PS
= + j ; Γ Γ

PC P P
=  cosφ ; Γ Γ

PS P P
=  sinφ ,    (7)

ΓPC, ΓAC, ΓPS, ΓAS —  the real and imaginary components of the complex reflection coefficient of the thermoelectric 
converter and the measuring antenna;
|Γ̇P|, |Γ̇A| —  the modules of complex reflection coefficient of the thermoelectric converter and the measuring 
antenna, relative unit;
φP, φA —  the arguments of complex reflection coefficient of the thermoelectric converter and the measuring 
antenna, degree.

Now, after the mathematical transformations we obtain the formula for the correction factor µ considering 
the formula (1), (6) and (7):
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After completing the measurement of complex reflection coefficients and using the expressions (6) —  (8) 
we can find the correction factor, use it to correct power measurements of the signal at the output of the 
measurement antenna.
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Evaluation of non-excluded residues of systematic error due to impedance mismatch in the 
microwave measuring tract

In case when correction factor isn’t used, evaluation of systematic error due to impedance mismatch can be 
made using the error limits of the formulas (3) —  (5):

δ
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In order to take into account |δpac3| that the possible values lie angle α can be from –π to π.
Assuming normal distribution of the components |δmis1| and |δmis2|, arc sine distribution of the component 

|δmis3| the systematic error due to impedance mismatch in the microwave measuring tract can be found from 
the formula:

δ
δ δ δ

Smis

mis1 mis2 mis3= ⋅











+











+








k

3 3 2

2 2
2

,

k=2.58  —  coverage coefficient corresponding to a confidence interval of approximately 99  % assuming a 
normal distribution.

In the case of using the scalar network analyzer and the correction factor based on the results of measurements 
of modules of complex reflection coefficients |Γ̇P| and |Γ̇A| we have in the formula only component |δmis3|, but 
added two components owing to the non-ideal characteristic of the scalar network analyzer. Assuming 
normal distribution of the components |δmis4| and |δmis5| their limits can be found as partial errors of indirect 
measurements:
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δ|Γ| —  the relative error of the measurement modules of the reflection coefficients using the scalar network 
analyzer, relative unit.

The non-excluded residue of systematic error due to impedance mismatch in the microwave measuring 
tract δ

Smis

'  can be found from the formula:
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Finally, for the case of using the vector network analyzer and the correction factor based on the results 
of measurements of modules and arguments of complex reflection coefficients |Γ̇ P| and |Γ̇ A|, we have 
available only the components |δmis4|, |δmis5|, |δmis6|, |δmis7| and |δmis8| owing to the non-ideal characteristics 
of a vector network analyzer. The limits of the components |δmis6|, |δmis7| and |δmis8| can be found from the 
next formulas:
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δφ —  the relative error of the measurement arguments of the reflection coefficients using the vector network 
analyzer, relative unit;
αRAD —  the angle between the unit vector and the vector corresponding to the vector multiplication Γ̇P ·  Γ̇A, 
radian.

In this case the non-excluded residue of systematic error due to impedance mismatch in the microwave 
measuring tract δ

Smis

''  can be found from the formula:
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Analysis has showed that the error due to impedance mismatch reduces in 1.5–2.5 times using the correction 
factor based on the scalar reflection coefficients, and in 9–10 times using the complex reflection coefficients. 
Residual systematic errors due to impedance mismatch in the microwave tract is 4–6 times lower after 
using the correction factor based on the vector reflection coefficients than after using the scalar coefficient. 
Implementation the vector measurements are more effective when the value of the reflection coefficients of 
the reference antenna and thermoelectric converter of power meter are bigger (see figure 1).

Figure 1 —  The levels of the relative error due to impedance mismatch in the microwave measuring tract for different values of modules of the reflection coefficients

Conclusion
The proposed method of reduction the systematic error due to impedance mismatch is the most effective 

among the described methods to reduce systematic error due mismatch. It almost eliminates error so it can be 
recommended for high-precision measurements. Using the correction factor based on the complex reflection 
coefficients we has reduced the error due to impedance mismatch in the microwave tract of our standard unit 
of power flux density in 8–9 times. The total error of standard unit of power flux density has been reduced in 
1.5–2.0 times in the frequency range from 0.3 to 6.0 and from 37.5 GHz to 39.65 GHz.
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EVAluATION Of INDIRECT MEASuREMENT uNCERTAINTY 
IN ANAlYTICAl ChEMISTRY

Amanzhol Abiyev utegenovich
«Carlsberg Kazakhstan» Ltd., Almaty
Metrology and Diagnostics Engineer

The objective of the chemical analysis is to extract information about the material using various measuring 
equipment. Thus, the chemical analysis is a complex, multistage measurement process. Evaluation of results 
uncertainty of the chemical analysis is the most important task of the Chemical Metrology. An indirect 
measurement is finding the measured value by calculation from other measurement results. All the results of 
the chemical analysis, i.  e. experimentally determined values   of the component contents are also indirectly 
measured.

Measurements are key element in most areas of practical activities. More over the reliability of decisions made on 
the basis of the measurement results depends on the accuracy of the latter. In addition, the measurement accuracy 
often determines the level of material costs in manufacturing and non-manufacturing spheres. That is exactly why 
improving the accuracy of measurements is one of the most important issues of modern metrology [1].

Any measurement process is influenced by many factors that distort the measurement result. The difference 
of measurement results from the true value of the measured quantity is called —  an error. Due to the fact 
that any measurement result generally contains error, the true value of measurement quantity, respectively, 
the extent of error of the specific result can never be established. The reliability of accuracy estimation is 
also important in cases where the errors of measurement results are input data while analyzing the errors of 
other measurements and, transforming by measurement equation, affect the error of the result. However it 
is possible to evaluate a certain range of values   within which the true value can present with some degree 
of reliance, i. e., to specify the range of possible values   of the error. This range is called the uncertainty of the 
measurement result.

Measurement uncertainty  —  is generally acknowledged quantitative characteristic of the measurement 
result quality [2] (GUM). Any laboratory that makes measurement should evaluate the uncertainty and, if 
necessary, provide its value with the measured value to the customer. [3] The measured value with the 
uncertainty forms the measurement result.

The objective of the chemical analysis is to extract information about the material using various measuring 
equipment. Thus, the chemical analysis is a complex, multistage measurement process. The study of general 
issues related to the measurement, processing and interpretation of the results of chemical analysis is carried 
out by a special section of the analytical chemistry, called Chemical Metrology.

Evaluation of results uncertainty of the chemical analysis is the most important task of the Chemical 
Metrology. An indirect measurement is finding the measured value by calculation from other measurement 
results. An example of indirectly measured value may be the average value of x in a series of measurements. 
All the results of the chemical analysis, i. e. experimentally determined values   of the component contents are 
also indirectly measured. [7] In general, the indirectly measured value of y can be represented as a function of 
its arguments of experimentally measured values   of x1, x2, … xn:

y = f(x1, x2, … xn).     (1)

If the value uncertainty of argument of s2 (x1), s2(x2), … s2 (xn) are known, and all arguments are independent 
from each other, the uncertainty value of y can be calculated as follows

   
(2)

Expression (4) is called the Law of uncertainty propagation. It is an essential relation, which allows evaluating 
the uncertainty of the indirectly measured value when carrying out its repeated measurements is impossible 
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or unpractical. There are some important special cases of expression (2) with respect to the simple functional 
relationship. The true values are indicated as a, b and c symbols.

    (3)

   (4)

Put it otherwise, when adding and deducting the absolute uncertainties (variance, standard deviation 
squares) are combined, when multiplying and dividing the relative uncertainties (the squares of the relative 
standard deviations) are combined.

As an example, let’s consider the uncertainty evaluation of values of the standard solution concentrations of 
Na2CO3 prepared by dissolving Na2CO3 sample in measuring flask of volume of V=200.0 ml. The weight of cup 
with sample is m1 = 10.1324 g, the weight of the empty cup is m0 = 9.1152 g. To take the uncertainty of weight 
value  caused by the weighing error equal to 0.0002 g, and the uncertainty of the value of the flask volume —  
0.1 ml. The molar mass of Na, C and O are equal to 22.990, 12.011 and 15.999, respectively. The uncertainty of 
the molar mass of elements consider to be equal to the unity in the last decimal digit.

Begin with let’s calculate the mass of sodium carbonate weighment:
m = m1 —  m0 = 10.1324–9.1152 = 1.0172 g;

the molar mass of the equivalent 1/2Na2CO3:
M = ½(2M(Na)+M(C)+3M(O)) = ½ (2.22.990 + 12.011 + 3.15.999) = 52.994

and the mole fraction value 1/2 Na2CO3:

To estimate the uncertainty value apply the formula (4):

Uncertainties of m and M, included in this expression, let’s evaluate by the formula (3):
s2(m)=s2(m1)+ s2(m0)=0.00022+0.00022=8*10–8;

s2(M)=1/4(4s2(M(Na)+ s2(M(C)) + 9s2(M(O))=3.5*10–6

Therefore

On the basis of the calculation it can be seen that the uncertainty due to the volume of the flask makes the 
main input to the overall uncertainty value of the concentration. The component of the uncertainty caused 
by the sample weight is comparable to it, but slightly smaller, and the uncertainty   of the molar mass value is 
negligible. However, note that to calculate we use the molar masses of the elements accurate to 0.001 atomic 
mass units. It is easy to see that, if the value of M is rounded to 0.01 units, the corresponding input (s(M)/M)2 
would be equal to 1.3.10–7, i. e. comparable with others. Rounding off to the 0.1 units is impossible: in this case, 
the uncertainty of the molar mass would be a basic component of uncertainty.

The concentration value uncertainty itself in this case would be 0.0004 M, i. e., would be increased to almost 
an order of magnitude.

The law of uncertainty propagation is valid not only for random, but for the systematic components, if they 
are unknown, but their maximum possible valuesб tolerance limits are known. For example, manufacturers of 
volumetric ware usually indicate the value of their products as V ± δ ml, where V —  the nominal value of the 
volume, and δ-extreme deviation from it. For each separate flask the deviation of the actual volume from the 
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nominal one is constant, and thus it is a systematic error. This systematic deviation should not be confused 
with the random error caused by incompletely accurate filling of the flask to the mark. It must be considered 
separately, and summarize with the random component under the law of uncertainty propagation.

When summing the systematic errors it should be remembered that in the uncertainty propagation law 
the dispersion, i. e., standard deviation squares s are occurred, while the value of δ is essentially a half-width 
of the confidence interval. Therefore, first you need to recalculate the value of δ in values of s. As we know, 
for a normal distribution, these values are directly proportional to each other, and the proportionality factor is 
Student’s coefficient.

x ± t(P, f )s(x).      (5)

However, for unknown systematic errors, not a normal but uniform distribution law is usually stated. For 
uniform distribution the half-width of the confidence interval is also proportional to the standard deviation, 
but the proportionality factor here is another, it is equal to:

In conclusion, I would like to note that the above considered example is strong idealized. In fact, sources of 
uncertainty when performing this procedure is much more. These uncertainties due to the inevitable presence 
of contaminants in the reagents, temperature fluctuation and accordingly the volume, incongruence of pT 
indicator and pH equivalence point, etc. Each of them may seem negligible, but their cumulative effect may be 
significant. During the assay performance, requiring a graded dependence, it is critical to take into account the 
input made by this dependence. All such objectives are solved by the law of uncertainty propagation, thus is 
one of the basic mathematical tools of analytical chemistry.
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4. Fundamentals of Analytical Chemistry. Zolotov. U.A. 2004. 359 p.
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Chemistry, 1984.168 with. Dvorkin V.
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Abstract. Coulometry is a primary method for measuring high purity substances. This is used to certify 
the primary reference materials required in a chemical analysis process. This paper describes the coulometric 
titration system developed by the National Metrology Institute (NMI) of Colombia for the certification of 
hydrochloric acid 0,1 mol·kg-1. In addition, it also shows preliminary studies for future development of and 
ethylenediaminetetraacetic acid disodium salt (EDTA-Na2) certification.

Introduction
Coulometry is a high-level electroanalytical technique for measuring the amount of substance in compounds 

and solutions. This technique has been used to determine the purity of primary reference materials required 
by industry and in chemical testing laboratories [1]. Coulometry is one of the most widely used analytical 
techniques in research laboratories and National Metrology Institutes (NMI) worldwide due to its high 
precision and accuracy for measuring the trace level or purity of different materials [2]. Coulometric analysis 
uses electrolysis to generate a titrant that reacts stoichiometrically with an analyte, thus making possible a 
determination of the amount of substance. For this reason, The Consultative Committee for Amount of 
Substance (CCQM) of the International Bureau of Weights and Measures-(BIPM) has considered coulometry to 
be a primary method that can be used to determine the purity of primary reference materials.

Electroanalytical methods for analyzing compounds are supported by current, potential and charge 
measurements of a system. When an analyte is reduced or oxidized, these electrical signals are directly related 
to the amount of analyzed substance present in the system, which has a direct relation to the mole unit of the 
International system-SI. With coulometry, this relation consists of a determination of the amount of substance 
with electric charge added to the electrochemical system described by Faraday’s law:

       (1)

Where n is the amount of substance, Q is electric charge, I is electric current, t is electrolysis time, z is the 
charge number of reaction and F is Faraday constant.

In accordance with Faraday’s law, there are two forms of coulometry: (i) controlled-potential, in which electric 
current decreases exponentially over time; and (ii) controlled-current, in which electric current is constant. The 
latest form is used for determining analyte content in the matrix, such as salts or metals in solution. Coulometry 
provides high selectivity and good sensitivity for the identification and quantification of trace-level, which is 
hard to determine by other electroanalytical methods [3,4]. Additionally, it is able to provide good results with 
low uncertainty and has been implemented in a larger number of NMIs [5].

The goal of this paper is to provide constant current coulometry studies as developed for the Electrochemical 
Analysis Working Group at the National Metrology Institute (NMI) of Colombia. First, characterization studies of 
aqueous hydrochloric acid solutions 0,1 mol·kg-1 will be presented. Then, preliminary studies to determine the 
purity of EDTA-Na2 will be presented.

1. Method
Coulometry system development for the NMI of Colombia is similar to the system used by Ural Scientific 

and Research Institute for Metrology of Russia [6]. This coulometry system consists of: (i) a titration vessel with 
two independent compartments (these compartments are separated by agar gel) (ii) A Metrohm Autolab 
potentiostat/galvanostat PGSTAT128N (Metrohm AG Switzerland, Inc.) is used as a source of current, as a 
potentiometric endpoint indicator and for time control; (iii) argon UHP grade; (iv) a microbalance (Mettler 
Toledo XP56, resolution 0,001 mg); (v) a magnetic stirrer; (vi) a pH unitrode electrode, Ag/AgCl reference 
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electrode, platinum (Pt-) and copper (Cu-) electrodes; (vii) and Metrohm Autolab Nova 2.0 software. Water 
used has electrolytic conductivity ≈ 0,08 μs·cm-1.

1.1. Coulometric Titration of HCl
An aqueous solution of HCl (0,1000 mol·kg-1) was prepared for diluting high-purity hydrochloric acid solution 

(Merck Titripur —  1,0 N) in ultrapure water. Approximately 5 g of HCl dissolution, weighed in microbalance, was 
transferred to a titration vessel and KCl (2,0 mol·kg-1) as electrolyte. The Pt-electrode (AlfaAesar —  99,997 % purity 
and 5 mm × 0,5 mm of diameter) was used as cathode and Ag-electrode (AlfaAesar —  99,99 % purity and 80 cm 
× 1,0 mm of diameter) in spiral shape was used as anode. The electric current value is kept for 1800 s at 30 mA. 
The endpoint was determined by pH-measure. Systems have been bubbling using argon (99,999 % purity UHP).

1.2. Coulometric Titration of EDTA [7]
An aqueous solution of EDTA (0,0958 mol·kg-1) was prepared for diluting EDTA-Na2 (Merck —  99 % purity) 

in ultrapure water. Approximately 1 g of this dissolution, weighed in microbalance, was titrated with Cu2+ 
electrochemically generated at 30 mA from a Cu-electrode. Since Cu2+ is captured as soon as it is formed, 
it was not necessary to separate electrode compartments. An electrochemical reaction was performed with 
phthalate buffer solution of 4,00 pH-units (20  °C), where the EDTA predominate species is [H2EDTA]2–. The 
endpoint was determined by measuring the increase in absorbance of the [CuEDTA]2– product using a Cary 
4000 UV-visible spectrophotometer at 320 and 730nm.

figure 1. Coulometric titration for a typical blank solution.

2. Results
2.1. HCl Dissolution

The hydronium ions (H3O+) derived from HCl dissociation reacted with hydroxide ions (OH–) to produce 
water. The experimental procedure developed in this step consists of the electrochemical generation of 
hydroxide ions for determining hydrochloric acid concentration; thus, calibration curves were taken from 7 to 
10 pH units to determine the charge quantity required (1,5 C) and to evaluate the negative presence of species 
that interfered with the titration process (Fig. 1). Due to this, resistivity increases with an increment in potential 
difference at low-concentration which could cause redox effects in water.
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To determine hydrochloride acid concentration (0,1 mol·kg-1), coulometric titration was brought into 
contact with argon (Fig. 2). The degasification process was efficient because measurements do not exceed 
expected value (0,1000 mol·kg-1). The presence of CO2 gas affects this measure [8]. The average value of 
HCl concentration was 0,099639 mol·kg-1 with 0,36 % of error and 0,11 % of RSD (percent relative standard 
deviation). The value found was comparable with the literature [6,9], but this measurement was not 
sufficiently accurate to consider for standard use. Due to diffusion problems that generate a decrease in 
accuracy when acid diffusion is too high between anodic and cathodic compartments, it is not possible to 
titrate the H3O+ ions located in anodic compartment. Thus, it is necessary to reduce diffusion rates with an 
extreme control of temperature [10].

figure 2. HCl concentration determination by coulometric titration at constant current.

2.2. EDTA Dissolution
The reaction mechanism of EDTA-Na2 titration was similar to that of previous studies [7], with the 

difference being that copper cations were produced by ionic complex [Cu(EDTA)]2–. The reaction was 
followed by spectrophotometric measurements and the endpoint was detected when ionic specie 
[Cu(H2O)6]2+ appeared after that ionic specie [H2(EDTA)]2– was completely consumed. The relation between 
absorbance and charge data obtained at 320 nm and 730 nm determined the point of species consumption 
and generation (Fig. 4).

In EDTA-Na2 titration, absorbance increases sharply as the [Cu(EDTA)]2– ion is formed. However, at the intercept 
point between lines, this increment changes because there are not more [H2(EDTA)]2– and Cu2+ generated 
electrochemically. [Cu(H2O)6]2+ complex starts to form with water. To determine the exact value of charge, it 
was necessary to find intercept between lines. One is taken at 320 nm (L=1, L=2) and the other at 730 nm (L=3, 
L=4). The value of this intercept was 9,10 C. This value is obtained through mathematical interpolation between 
lines: L1=0,0205x+0,0152; L2=0,0087x+0,12289; L3=0,0042x+0,001; L4=0,002x+0,0209 and it corresponds to a 
concentration of 0,0943 mol·kg-1 (Error= 1,56 %).

This obtained concentration was close to real value (0,0958 mol·kg-1). Therefore, it was necessary to conduct 
more tests to obtain clear results.
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3. Conclusion
The coulometric titration system developed at NMI of Colombia will allow for certification of Reference 

Materials of HCl (0,1 mol·kg-1) because of the homogeneous and reproducible measurements obtained. On the 
other hand, the preliminary studies for certification of KCl and EDTA-Na2 were successful.

Although the coulometry system is in an early stage of implementation, the results obtained indicate that 
the measurement system has been properly implemented.

figure 4. Comparison between EDTA-Na2 curve titration with Cu2+ and Cu(H2O)6
2+ electrochemical formation at 320 nm and 730 nm.
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The main regulatory documents that establish safety requirements for specialty food products intended 
for patients with celiac disease are considered in this work. Short description of the immunoenzyme method 
is presented. A review of the world experience in the development of certified reference materials of gluten 
(gliadin) is given. The approach used for certification of the reference materials of gliadin (gluten) sample 
designed for metrological assurance of the results of the gluten content determination in foodstuffs in the 
territory of the Russian Federation is presented. The first results of creating of gliadin certified reference material 
by determination of nitrogen mass fraction with subsequent recalculation of the obtained value to the protein 
content are considered. Nitrogen mass fraction is measured with the help of The State secondary measurement 
standard of mass fraction and mass (molar) concentration of components in liquid and firm substances and 
materials by volumetric titration (GVET 17612010). Nitrogen-to-protein conversion factor is obtained on the basis 
of determination of gliadin aminoacidic composition with the use high performance liquid chromatography 
with mass-selective detector.

In accordance with the Codex Alimentarius Commission document [1], gluten is defined as the protein fraction 
of wheat, rye, barley, oats or their hybrids and derivatives from this protein fraction that may be intolerable by 
some people and are insoluble in water and 0.5 M solution of sodium chloride. Gluten consists of prolamines and 
glutelins. Prolamins is a protein fraction of gluten, extracted by 40–70 % solution of ethyl alcohol. Prolamins of 
wheat are gliadin, rye prolines are sekaline, barley prolamines are hordein, prolamin oats are avenin. The content 
of gluten directly depends on the content of prolamine. Gluten content control in food products plays a key role 
in ensuring the safety of food intended for patients with celiac disease that is a chronic, progressive, hereditary 
disease characterized by persistent gluten intolerance to cereals with the development of atrophy of the small 
intestinal mucosa and associated malabsorption syndrome. According to international organizations, up to 
1 % of the world’s population suffers from this disease [2]. The only way to treat celiac disease and prevent its 
complications is a strict and life-long gluten-free diet. Requirements for the content of gluten in certain types of 
specialized food products are established in the international documents of Codex Standard 118 [1] and ALINORM 
08/31/26 [3], prepared by the Codex Alimentarius Commission of Nutrition and Food for special diets (CCNFSD). 
There is Technical Regulations «On the safety of certain types of specialized food products, including dietary 
curative and dietary preventive nutrition» [4] in the territory of the Customs Union.

Fig. 1 —  Effect of the use of various reference materials for calibration of test systems
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According to the international document [5], ELISA is the recommended method for determination of gluten 
content in food ingredients and prepared foods. The choice in favor of the ELISA method was made in view of 
its specificity, sensitivity and suitability for routine analysis.

The ELISA method is based on an enzyme-linked immunoassay, in which the labeled antibodies to gliadin 
form a chemically strong complex that changes the color of the products of chemical reactions, followed by 
measurement of the absorbency. ELISA method is implemented in test systems produced by various manufacturers 
and based on the use of antibodies that were induced to various prolamine fractions or specific sequences that 
are toxic. Different test systems don’t always give the same results for the determination of gluten content in the 
same food or food ingredients, as demonstrated, for example, in [6–8] and also in Figure 1.

Up to date, the best-characterized reference material is the gliadin sample (further —  PWGgliadin) developed 
by the Working Group on Prolamins and Toxicity (PWGAT). The extraction procedure and characterization of 
gliadin CRM is described in detail in [9]. PWG gliadin is a gliadin powder obtained by extracting gliadin from 
flour made from 28 of the most common European wheat varieties.

The Institute for Reference Materials and Measurements (IRMM, Belgium) initially approved the PWG-gliadin as 
a certified reference material, but soon withdrew this decision. In practice, it turned out that the creation of CRM 
that contains from 28 different varieties of wheat led to difficulties in measurements, to the high cost of CRM, and 
did not lead to a decreasing in the spread during measurements with the help of different test systems.

Thus, despite the large number of works devoted to this issue, to many manufacturers of test systems, the 
question of metrological assurance remains unresolved.

In this regard, FSUE «UNIIM» with the company «Hema» and the Institute of Physical Chemistry and 
Electrochemistry, Moscow has begun work for creation of CRM of gliadin. The starting material was wheat of 
solid flour. For gliadin getting the wheat flour was used. Gliadin was extracted from this flour with the help of 
70 % ethyl alcohol. Scheme for gliadin obtaining is shown in Figure 2.

Qualitative and quantitative analysis of gliadin sample was carried out at the Institute of Physical Chemistry 
and Electrochemistry. This analysis was conducted on a liquid chromatograph with mass-selective detector 
under reversed phase chromatography conditions with gradient elution. The results are shown in Table 1. The 
results presented in Table 1 were used to calculate the nitrogen-to-protein conversion factor.

Mass fraction of nitrogen in the sample of gliadin was determined with the help of the State secondary 
measurement standard of mass fraction and mass (molar) concentration of components in liquid and firm 
substances and materials by volumetric titration (GVET 17612010). The validity of GVET 176–1–2016 usage is 
explained by the results of successful key comparisons CCQM-K130 «Mass fraction of nitrogen in glycine».

Figure 2 —  Scheme of preparation of candidate material to CRM

Characterized solution of gliadin in 70 % alcohol was used to build a calibration curve for the test systems 
produced by the company “HEMA”. This test system uses the principle of a two-site (sandwich) enzyme 
immunoassay. The calibration curve is shown in Fig. 3.
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Figure 3 —  Calibration curve obtained with the help of model solutions for the test system produced by the company “HEMA”

Conclusions
1. Gliadin was obtained from wheat flour by repeated extraction with 70 % alcohol.
2. The Aminoacids composition of the gliadin solution was determined by the HPLC/MS method. The results 

of this experiments allowed to estimate the nitrogen-to-protein conversion factor.
3. Nitrogen mass fraction in the gliadin alcohol solution was determined with the help of GVET 176–1–2010 

having confirmed calibration and measurement capabilities in the international BIPM database, that ensures 
the traceability of measurements of the mass fraction of nitrogen (gliadin protein) to SI units.

4. The prepared candidate material to CRM was tested for calibration of the test system produced by the 
company “HEMA”. Preliminary accuracy characteristics for this test system are obtained.
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Table 1 —  Aminoacids content in the gliadin hydrolyzate obtained by HPLC/MS

Aminoacids Glycine Alanine Valine Leucine Serin Glutamic 
acid

Gluta-
mine

Aspartic 
acid

Aspa-
ragine

Phenyl- 
alanine

С, mg/cm3 <0,01 <0,01 1,2 124,4 0,16 9,3 - - 5,4 4,2
%, (mass) <0.003 <0.003 0.446 37.015 0.048 2.767 - - 1.607 1.205

Aminoacids Lysine Arginine Histidine Cysteine Trypto-
phan Proline Methio-

nine Treoini The total content

С, mg/cm3 - 0,06 0,06 - - 20,6 <0.01 145.9 336,08
%, (mass) - 0,018 0,018 - - 6,129 <0.003 43.412 100
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Abstract: The elements of metrological support of measurements in brachytherapy are considered. 
Measurements of air-kerma strength from iridium-192 and iodine-125 brachytherapy sources and well-type 
ionization chambers calibration with these sources are described.

Problem description in general and its connection  
with significant scientific and practical tasks

The most demanding requirements to the accuracy of measurements in dosimetry at present are set by 
medicine and radiotherapy in particular. Brachytherapy is an advanced and fast emerging form of radiotherapy, 
where a sealed radiation source is placed inside or next to the area requiring treatment permanently or 
temporary.

Efficiency of brachytherapy is straightly connected to the precision of the dose delivered to the patient. The 
requirements for the accuracy of dose measurement are stated in Russian and international standards: the 
uncertainty of patient’s dose should be less than ±5 % [1–4]. To fulfill these requirements it is necessary to take 
into account many aspects, but it has generally been recognized that use of radiation sources with accurately 
measured characteristics and traceability of these measurements to the national standards are essential [5–7]. 
The relevant issues are of current interest.

Analysis of recent research and publications connected to the problem solving. 
Problem solution in general

The characteristics of radiation sources for brachytherapy are normally measured in clinics by the dosimeters 
with well-type ionization chambers [8]. For the traceability assurance these dosimeters have to pass calibration 
or verification procedures. Such dosimeters are usually calibrated in terms of the quantities derived from air 
kerma.

According to the recommendations of American Association of Physicists in Medicine (AAPM) the basic 
quantity for radiation measurement from medical sources in North America is air-kerma strength, SK, with units 
μGy·m2·h-1 [6]. SK is defined as the product of the air-kerma rate K̇av at a point in free space (vacuum) located in 
the transverse bisecting plane at a distance d from the center of the source, and the square of the distance 
d: SK = K̇av(d)·d. The distance d should be large enough that the source may be treated as a mathematical 
point.

The corresponding quantity applied in European countries and proposed by International Commission on 
Radiation Units and Measurements (ICRU) is reference air-kerma rate, K̇δ, with units μGy·h-1 [9]. K̇δ is specified 
as the air-kerma rate in vacuum due to photons of energy greater than the stated value, at a point located at 
reference distance dref. The reference distance is usually specified as 1 m, in which case air-kerma strength and 
reference air-kerma rate would have the same numerical value, although formally with different units.

There are several primary standards in dosimetry of iridium-192 and iodine-125 radiation sources for 
brachytherapy (the USA, Germany, Italy [10–13]). The expanded uncertainty of SK (or K̇δ) is from 1,8 % to 2,0 % 
for these primary standards [10–12]. In Russia such a primary standard is not yet developed therefore the 
measuring instruments traceable to the national primary standard for x-rays and gamma radiation air-kerma 
GET 8–2011 are used for measurements with brachytherapy sources [14]. Similar approach is implemented in 
several national metrology instruments, for example at the NPL (the UK) with the expanded uncertainty of K̇δ 
5,6 % [15].
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Objective of research and its tasks
The objective of the research conducted by the VNIIM dosimetry laboratory is to develop the system 

of metrological support of measurements with iridium-192 and iodine-125 sources for brachytherapy. 
At the first step the procedures of air-kerma strength measurement from iridium-192 and iodine-125 
brachytherapy sources were developed. According to these procedures the measuring instruments were 
chosen and prepared for the measurements. Then practical measurements with high dose rate iridium-192 
and low dose rate iodine-125 seed sources were performed by these procedures. Finally calibration of 
well-type ionization chambers with electrometers was done using the sources with measured air-kerma 
strength.

Main research material and results explanation
Air-kerma strength measurement from iridium-192 brachytherapy sources was performed using the 

spherical ionization chamber of type ТМ32005 with measuring volume 30 cm3. ТМ32005 chamber calibration 
coefficient for iridium-192 was produced by linear interpolation of its calibration coefficient for CCRI 250 
radiation quality with effective energy 124 keV received at the medium energy x-rays radiation facility and 
its calibration coefficient for Cs-137 source received at gamma-radiation facility (both facilities are from the 
structure of GET 8–2011 standard).

The measurements with iridium-192 brachytherapy sources were performed in free space at more than 1,5 m 
distance from the floor, walls, ceiling and other objects that can cause radiation scattering. The measurements 
were performed at five distances between the source and the chamber from 20 to 100 cm. Each measured 
value was corrected for attenuation and scattering of radiation in air. The mean of measured values was taken 
as a result of air-kerma strength measurement.

Air-kerma strength from iridium-192 brachytherapy sources was calculated using the following expression: 
S N I d k k k k k k k

K K at sc rn an sat d
= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅2

ρ , where NK is the ionization chamber calibration coefficient for 
iridium-192, μGy/C; I is the mean ionization current of the chamber, А; d is the distance from the center of the 
chamber to the center of the active part of the source, m; kρ is the correction for the difference between the air 
density during the measurements and under the reference conditions; kat is the correction for air-attenuation; 
ksc is the correction for scattering; krn is the correction for radial non-uniformity; kan is the correction for the 
source anisotropy; ksat is the correction for saturation; kd is the correction for the decay of iridium-192 during 
the time of measurements.

Air-kerma strength measurement from iodine-125 brachytherapy sources was done using the spherical 
ionization chamber of type ТМ32002 with measuring volume 1 l and the scintillation detector of type BDKR-01M, 
that registers energy of photon radiation from 3 to 300 keV [16]. The combined result of measurements with 
two devices which performance is based on different physical principles has an increased confidence level. 
The calibration coefficients for ТМ32002 chamber and BDKR-01M detector for iodine-125 were produced by 
linear interpolation of their calibration coefficients received at the low energy x-rays radiation facility from the 
structure of GET 8–2011 standard in the energy range from 16 to 33 keV.

During the measurement of air-kerma strength from iodine-125 brachytherapy sources ТМ32002 chamber and 
BDKR-01M detector were placed simultaneously in the radiation field at the plane perpendicular to the major axis 
of the source. The measurements were performed at two distances between the source and ТМ32002 chamber 
(BDKR-01M detector) to evaluate scattering contribution in the results; the source was rotated about its major axis 
in increments of 45o to take azimuthal anisotropy of the source into account. The mean of measured values was 
taken as a result of air-kerma strength measurement from the iodine-125 brachytherapy source.

Air-kerma strength from iodine-125 sources was calculated using the following expressions: 
S N I d k k k k k kKик K at n st d= ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ ⋅2

ρ sc  for the measurements with the ionization chamber and 
S C M d k k k

Kбд K at st d
= ⋅ ⋅ ⋅ ⋅ ⋅2  for the measurements with the scintillation detector, where NK is the ionization 

chamber calibration coefficient for iodine-125, μGy/C; I is the mean ionization current of the chamber, А; d is the 
distance from the center of the chamber to the center of the active part of the source, m; CK is the scintillation 
detector calibration factor for iodine-125; M air-kerma rate measured by the scintillation detector, μGy/h; kρ is 
the correction for the difference between the air density during the measurements and under the reference 
conditions; kat is the correction for air-attenuation; ksc is the correction for scattering; kn is the correction for 
non-uniformity of electron fluence in the air cavity of the chamber; kst is the correction for stem attenuation; kd 
is the correction for the decay of iodine-125 during the time of measurements.

Calibration of well-type ionization chambers with electrometers was performed using the sources with 
measured air-kerma strength. During the measurements the sources were placed inside the well-chambers at 
the stated depth using special holders.

The expanded uncertainty (k=2) of air-kerma strength from iridium-192 sources measured by ТМ32005 
ionization chamber is less than 2,5 %.

The expanded uncertainty (k=2) of air-kerma strength from iodine-125 sources measured by two detectors 
(ТМ32002 chamber and BDKR-01M detector) is less than 3,0 % [16].
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The expanded uncertainty (k=2) of well-chambers calibration coefficient for iridium-192 sources is less than 
3,5 % and for iodine-125 sources is less than 4,0 %.

Conclusions and perspective of the research
The elements of metrological support of measurements with iridium-192 and iodine-125 brachytherapy 

sources are developed by the VNIIM. The measurement accuracy achieved is in compliance with the standard’s 
requirements [1–4].

Development and implementation of special primary standard facilities for air-kerma strength measurement 
with brachytherapy sources will improve measurement accuracy up to 1,5–2 times.
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Abstract
As part of the revision of the International System of Units (SI), the kelvin, unit of thermodynamic temperature, 

will be redefined by fixing the value of a value to the Boltzmann constant k, a definition broad enough to 
encompass any form of thermometry [1]. The evolving mise en pratique for the definition of the kelvin (MeP-K) 
[2] will, in its forthcoming edition, encourage the realisation and dissemination of the thermodynamic 
temperature, T, either directly (primary thermometry), or indirectly (relative primary thermometry) via fixed 
points with assigned reference thermodynamic temperatures.

Since 2011, Centro Español de Metrología (CEM), the Spanish NMI and Instituto de Óptica of Consejo Superior 
de Investigaciones Científicas (IO-CSIC), the Spanish Designated Institute for luminous intensity and luminous 
flux, have been working together in the absolute spectral responsivity calibration of standard radiation 
thermometers and filter radiometers for the dissemination of absolute radiation temperature.

This paper describes the different approaches followed, the instruments and facilities developed, the main 
achievements obtained and indicates the forthcoming work in this field.

Keywords: absolute radiation thermometry; radiance method; standard radiation thermometer, filter 
radiometer.

Абстрактные
В рамках пересмотра Международной системы единиц (SI), кельвин, единица термодинами-

ческой температуры, будут пересмотрены путем присвоения значения к  постоянной Боль-
цмана к, определение достаточно широким, чтобы охватить любую форму термометрии. 
Формирующийся mise en pratique для определения кельвина (MEP-K) [2] будет в своем предсто-
ящем издании, поощрять реализацию и распространение термодинамической температуры, 
либо непосредственно (первичные термометрия), или косвенно (относительный первичные 
термометрия) с помощью фиксированных точек с заданными эталонными термодинамичес-
ких температур.

Начиная с 2011 года, Centro Español де Metrologia (CEM), испанский NMI и Instituto de Óptica of Consejo 
Superior de Investigaciones Científicas (IO-CSIC), испанский Места институт силы света и  светового 
потока, Совместно работают в  абсолютной спектральной чувствительности калибровке из 
стандартного излучения термометры и  фильтр радиометр для распространения абсолютной 
температуры излучения.

В данной статье описываются различные подходы, инструменты и эксперимент разработанные, 
основные достижения, полученные и указывает на предстоящую работу в этой области.

Ключевые слова: абсолютное излучение термометрии; Метод сиянием; стандарт Пирометр, 
фильтр радиометр.
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a. Statement of the problem

The global measurement system, grounded in the international system of units (the SI), is the essential foundation 
for reliable measurement. Such a measurement system, is necessary for trade, manufacturing, sustaining and 
improving quality of life. it is expected that the General Conference on Weights and Measures (CGPM) will approve 
the most fundamental change to the SI system ever undertaken since its inception redefining the SI units in terms 
of fixed values of fundamental constants and forces the National Measurement Institutes (NMI’s) to be prepared 
for these changes in order to be able to provide traceability to the next SI to their customers. This momentous 
change needs to be supported with research and documentation to ensure a successful and effective redefinition 
takes place [3]. In the particular case of thermometry, this change will be effected through developing primary 
thermometry methods that both challenge and supplant the defined scales.

b. Analysis of the latest research and publications
The latest more relevant research in the field of primary thermometry was EMRP’s “Implementing the new 

kelvin” (InK) project [4]. In one of the work packages of this project, several NMI’s across the world determined 
the thermodynamic temperatures to the points of inflection of the melting transition curves of the black body 
high temperature fixed points (HTFPs) of Re-C, Pt-C, Co-C and Cu by primary radiometry. Table 1 shows the 
calibration approach and the uncertainties achieved by each participating laboratory [5].

Table 1: Approaches and uncertainties achieved by the different InK project participants.
laboratory Calibration approach  u Cu —  u Re-C (k =1)

NRC (Canada) Power (monochromator source) 0.10 K- 0.42 K
NIST (USA) Radiance (laser source) 0.18 K —  0.36 K
VNIIOFI (Russia) Irradiance (monochromator source) 0.09 K —  0.29 K
PTB (Germany) Irradiance (monochromator source) 0.09 K —  0.34 K
LNE/Cnam (France) Radiance (laser source) 0.07 K —  0.28 K
CEM (Spain) Radiance (monochromator source) 0.17 K —  0.57 K
NIM (China) Hybrid (monochromator source) 0.07 K —  0.36 K
NMIA (Australia) Iluminance (broadband source) ———— —  0.33 K
NMIJ (Japan) Radiance (supercontinuum source) 0.13 K- 0.52 K

d. Determination of the way of solving the general problem
Depending on local requirements and constraints, each laboratory selects the best calibration method 

of primary spectral-band radiometers to measure the absolute spectral radiance (units W m-2 sr-1 nm-1) of a 
blackbody cavity [5]. Planck’s law is used to convert radiance to temperature. All calibration methods rely on 
an optical power measurement with a cryogenic electrical substitution radiometer, a monochromatic optical 
radiation source and a defining geometry of two parallel, circular, collinear apertures of known physical 
dimensions and separation. The methods differ only in the location of the geometry in the calibration chain. 
The four most relevant of these methods are:

• Power: the power responsivity is determined by calibration against a source that underfills the radiometer. 
For this method the uniformity of the detector is very important.

• Irradiance: the radiometer’s and transfer standard’s entrances are delimitated by two different precision 
apertures and overfilled by an uniform irradiance.

• Hybrid: applied to small blackbody cavities, introduces a single lens. The calibration is usually performed 
“in parts”, with the irradiance responsivity of the filter radiometer and the transmittance of the lens determined 
separately, an additional aperture is added to the lens to form the geometric system for radiance measurements.

• Radiance: the calibration of such a system is by comparison with a source of known radiance. The instrument 
can then determine the blackbody radiance directly. The configuration of the radiometer in this method is the 
same in calibration as in use.

e. Statement of the task, formulation of the aims of the paper
CEM IO-CSIC chose to follow radiance method because it was planned to calibrate in first place a commercial 

radiation thermometer (KE LP2) and this is the only method can be used for a device with such a complex 
optical system. It was also planed to develop non commercial radiation thermometers, called filter radiometers, 
specifically designed for this project that could have been designed for being calibrated in irradiance mode or 
the hybrid method, but a series of inconveniences and lacks made discard these methods such as the difficulty 
on placing optical components in front of high temperature furnaces and refrigerate them properly or the lack 
of big aperture black body sources suitable for being measured in the only high temperature furnace CEM 
owns. Hence, it was decided to calibrate filter radiometers with the radiance method too.
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A radiation thermometer calibrated in absolute spectral radiance responsivity, S
RT

L
( )λ , can be used to 

calculate the thermodynamic temperature, T, of a black body from equation (1) where Iph is the photocurrent 
measured and L(λ,T) is the spectral radiance given by Planck’s law at temperature T [6]:

I S L T d
ph RT

L= ∫ ( ) ( , )λ λ λ      (1)

f. Presentation of the main research material with explanation of the obtained scientific results
The first attempt of measuring thermodynamic temperatures traceable to the primary cryogenic radiometer 

of IO-CSIC, was the absolute spectral responsivity calibration of CEM’s KE-LP2 standard radiation thermometer 
in the range of 650 nm using the lamp-monochromator based facilities described in [7]. The main uncertainty 
components associated to this calibration were related to the geometric factor determination and with the 
stability of the lamps used as radiation sources. Laser sources are more stable than lamps but they are not 
suitable for calibrating the LP2 because their coherent emission produce interference fringes on the radiometer. 
Therefore, it was decided to develop a non commercial filter radiometer able to be calibrated in a lased based 
facility and a radiancemeter with improved features for the low uncertainty determination of the geometric 
factor.

CEM radiancemeter is a compact, geometrically and spectrally stable, repetitive device. It has a housing for 
one of the apertures and its trap detector would has a specific housing at the front for the 3 mm aperture. 
The distance between apertures is calibrated before and after radiometric calibrations to ensure the distance 
remains stable. It also has a water jacket to maintain the detector and apertures near 20.5 ºC, the temperature 
at which dimensional calibrations are performed.

The first CEM IO CSIC filter radiometer, the Filter Radiometer 1 (FiRa1), had a simple design consisting on 
a focusing lens, a field stop, a collimating lens, a Lyot stop, a 650 nm inference filter, a photodetector and a 
preamplifier. It was mounted on a cylinder with a refrigeration water jacket to reduce drifts caused by the 
sensitivity of the interference filter, the detector and the preamplifier to temperature. The interference filter 
disposition respect to the detector is non parallel in order to avoid interference fringes caused by coherent 
light sources. Unfortunately, an error was found in FiRa1’s design that made discard it: the target diameter size 
of the radiometer is 4.5 mm, 1.5 mm bigger than the typical 3 mm cavity diameter of HTFPs.

Accordingly, it was decided to develop a new filter radiometer FiRa2, exclusively conceived for being calibrated 
in laser based facilities and to meet the needs for measuring HTFPs. The aim was to build a robust, simple and low 
budget instrument focused on improving geometry stability, size of source effect, linearity and drift.

Figure 1 shows the final CAD model from which the filter radiometer was developed. Drifts were observed 
in the temperature measurement of Re-C HTFP with FiRa2 between days. Unfortunately, there was not enough 
time to perform changes on its configuration in order to improve stability and recalibrate the instrument prior 
to InK WP1 measurements. This forced to perform InK measurements with the LP2, although it had higher 
uncertainties than FiRa2.

fig 1: CEM FiRa2 filter radiometer scheme

The absolute spectral radiance responsivity calibration of FiRa1 and FiRa2 was performed in first place at IO-
CSIC in a laser-based facility [8]. Both radiometers were calibrated in the wavelength of 650 nm. A wideband 
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source was required for the calibration from 600 nm to 700 nm. The apparatus used for this purpose was a 
Coherent ® 599 Standing Wave Dye Laser cavity.

To avoid drifts during transport, it was decided to calibrate the radiometers at CEM [9], where temperature 
measurements take place, starting with a laser based experiment using a CW Coherent ® diode laser OBIS 
model 648 in combination with a relative spectral calibration.

Afterwards, a new absolute radiance responsivity calibration facility based in a monochromator with a 
supercontinuum (SC) laser as radiation source, shown in Fig 2, has been developed for the calibration of the 
KE-LP2, FiRa2 and a commercial KE-LP4, all of them at central wavelengths of 650 nm. In both systems a diffuser 
plate is placed before the entrance port of the integrating sphere to suppress speckle. SC laser emission is not 
as coherent as conventional lasers, interference fringes were neither observed in KE-LP2 nor in KE-LP4.

fig 2 Supercontinuum laser based absolute spectral radiance responsivity calibration facility.

Table 2 summarizes the uncertainties of the fixed point thermodynamic temperature measurements 
obtained from the different calibration systems of the LP2, LP4 and FiRa2.

Table 2 Standard uncertainties of fixed point measurements from the different facilities.
Calibration system (650 nm) Instruments calibrated  u Cu —  u Re-C (k =1)

Dye laser (IO) FiRa2 0.17 K —  0.71 K
Lamp-Monochromator (IO) FiRa2, LP2, LP4 0.15 K —  0.56 K
Diode laser CEM) FiRa2 0.12 K —  0.49 K
SC laser -Monochromator (CEM) FiRa2, LP2, LP4 0.11 K —  0.42 K

g. Conclusions from research data and the prospect  
to future investigations in this direction.

Since 2011 CEM, in collaboration with IO-CSIC, has been developing absolute spectral responsivity calibration 
facilities based in different light sources: incandescent and discharge lamps, a dye laser, a diode laser and a 
supercontinuum laser.

Two standard radiation thermometers and two filter radiometers developed at CEM, all of them working 
in nominal wavelengths around 650 nm, have been calibrated in those facilities intending to obtain lower 
uncertainties in the measurement of thermodynamic temperatures than the uncertainties provided by the 
International Temperature Scale of 1990 (ITS-90) being the monochromator-SC facility the best approach for 
that purpose.

The good agreement respect to other institutes suggests that spectroradiometric thermometry techniques 
are sufficiently mature at CEM to allow the direct realization of thermodynamic temperature above 1234 
K. However, systems must be implemented in the future in order to obtain lower uncertainties similar than the 
best achieved by other NMIs.
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Also, three different methods have been used for the absolute calibration of FiRa2 filter radiometer giving 
compatible results well below the calibration uncertainties. However, FIRA2 drifts 0,2 °C at Co-C fixed point 
after measuring Re-C. The study and improvement of FiRa2’s behaviour has been planned for the future.

At present, CEM and IO-CSIC are participating in the InK 2 project which aims determine low uncertainty 
values of the differences between the thermodynamic temperature (T) and the temperature defined fy the 
ITS-90 (T90) in the range from ~ 430 K to ~ 1358 K. Silicon based LP2 and LP4 will be calibrated at 950 nm and 
900 nm respectively and a new KE-LP5 with an InGaAs detector will be calibrated at 1.5 µm against a new 
InGaAs transfer standard. Irradiance method will be investigated within the frame of this project given that 
CEM has large black body sources in this temperature range.
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Abstract
In the fallowing paper we will focus on one of the most frequently used temperature sensors, which are 

thermocouples. As these sensors are used in a variety of applications reaching from simple industrial ones up to 
aerospace measurements the knowledge of their behaviour and limitations is of high importance. Within this 
paper we will be focusing on both base and noble metal thermocouples which have their specific areas of use. 
The emphasis of the presented studies is on the hysteresis and homogeneity effects within base metal type K 
and N thermocouples and on the effect of new construction of noble metal type Au/Pt thermocouples.

Introduction
Temperature measurement directly affects the quality, effectiveness and safety of industrial manufacturing 

processes. In many of these processes base metal thermocouples are used for monitoring and control. Because 
of their wide use as a temperature sensor, it is necessary to understand their behaviour under various influences 
and in different conditions. Two factors that contribute considerably to the uncertainty in temperature 
measurement using such sensors are the hysteresis effect and the homogeneity effect: many publications 
such as [1–11] have shown the need for further investigation into these effects.

For this investigation the two commonly used Type N and Type K thermocouples were investigated. The 
typical composition of the alloys should be consistent but it can wary by manufacturer. The thermocouples were 
all mineral insulated metal sheathed (MIMS) format. Strain measurements were performed on thermocouples 
of diameter 1.0 mm and 1.5 mm, whilst hysteresis measurements on 3.0 mm diameter thermocouples. In all 
cases the sheath material was Inconel 600. The overall objective of this part of the study is to better quantify 
these effects to enable realistic values to be included in uncertainty budgets for this type of thermocouple.

The problematic of noble metal thermocouples is more related to high precision measurements and therefore 
the investigation focuses on a different aspects. According to the International Temperature Scale of 1990 
(ITS-90), HTSPRT are used as interpolation instruments in the temperature range between the freezing points 
of aluminium (660.323 °C) and silver (961.78 °C) [12]. Their sensitivity to contamination, lack of stability, and poor 
repeatability are well-known problems [13–15]. Au/Pt thermocouples are considered to be an alternative to the 
HTSPRTs in this temperature range. As further improvements in manufacturing processes of Au/Pt thermocouples 
have been made, an increase of their thermoelectric stability and homogeneity has been achieved. This has 
resulted in excellent measuring properties which allow reproducible measurements of high accuracies which 
are better by about one order of magnitude compared with Pt/Rh alloyed thermocouples. The task group for 
the mise en pratiquefor the definition ofthe kelvin of the Consultative Committee for Thermometry(MeP-K, CCT) 
has recommended further research on Au/Pt thermocouples as a potential candidate for a new interpolation 
instrument within the ITS-90 for the temperature range between the aluminium and silver fixed points [11].

Two Au/Pt thermocouples constructed by using only quartz glass insulation materials were investigated. The 
quartz glass tubes had a higher purity of 99.995 % compared to typical purities of 99.7 % of alumina. Furthermore, 
quartz glass insulation tubes were used to have a smoother surface of the inner holes of the insulation tubes 
compared to alumina tubes allowing the easier movement (caused by thermal expansion) of the thermoelements. 
In this way the creation of stress relieving coil in hot junction which is normally used to compensate the effect 
of the different expansion coefficients of gold and platinum is no longer required. Instead, the unhindered 
movement of the thermoelements inside the smooth quartz glass tubes avoids the formation of mechanical 
stress in the thermoelements. The Au/Pt thermocouples marked Au/Pt 12–01 and Au/Pt 13–03 were made of 
pure platinum wire (99.997 %)supplied by Alfa Aesar. The diameter of the wire was 0.5 mm and its length was 2 m. 
The gold wire for Au/Pt 12–01 had a nominal purity of 99.999 % and was supplied by M&K GmbH. The gold wire 
for Au/Pt 13–03 had an unknown purity and was supplied by Berliner Metallhüttenund Halbwerkzeuge (BMHW). 
Both gold thermoelements had a diameter of 0.5 mm with a length of 2 m.

Measuring procedures
The hysteresis effect was investigated for Type K and Type N base metal thermocouples (, three of each type). These 

were 700 mm in length and 3.0 mm in diameter. As the hysteresis is caused by changes in the Seebeck coefficient, 
the dimensions of the thermocouples do not have any influence on the hysteresis [4]. A single zone horizontal tube 
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furnace was used for the experiment. The furnace uniformity was measured and the tested thermocouples were 
positioned alongside each other in the furnace, with their measurement junctions located at the centre ensuring that 
they experienced very similar thermal conditions. A low uncertainty Type R thermocouple was used as a reference to 
obtain the temperature in the vicinity of the measurement junctions of the tested Type N and Type K thermocouples.

Seven complete measuring cycles were performed, where each cycle typically lasted for more than 34 hours. 
This represents around 300 hours of exposure above 200 °C for each thermocouple. Each cycle consisted of 
initially heating the collection of thermocouples from 200  °C to 1000  °C, and then cooling back to 200  °C. 
Increasing and decreasing the temperature was completed in 50  °C temperature steps with one hour for 
stabilization at each temperature before commencing measurements (this process was automated to ensure 
the highest possible level of repeatability and comparability of the measured data).

For the homogeneity measurements four 800 mm long MIMS Type N and Type K thermocouples, with an outer 
diameter of either 1.0 mm or 1.5 mm were tested. The thermocouples each contained thermoelement diameters 0.18 
mm (outer diameter 1.0 mm) and 0.27 mm (outer diameter 1.5 mm). One of each diameter and type of thermocouple 
was exposed to a series of bends around a circular and angular surface (values listed in Fig.1). These bends were applied 
in turn along the length of the thermocouple. All of the bends were separated from each other by a segment of the 
thermocouple on which no mechanical strain was applied. The scheme of the strain application and the used diameters 
and angles of bending are illustrated in Fig. 1. After each bend application, the thermocouples were then straightened 
and the homogeneity re-measured. To determine the effect of mechanical strain on these thermocouples, the initial 
state of their homogeneity was determined. This was measured by the one-gradient method which was realized by 
immersing the thermocouple in an isothermal stirred oil bath and then incrementally raising it via a linear rail system. 
The oil temperature was set to 150 °C, high enough to see the changes in homogeneity along the thermocouple but 
low enough so as not to introduce any thermally generated inhomogeneity.

The possible effect of horizontal and vertical positions on the electromotive force (emf) was performed on 
two Au/Pt thermocouples. Furthermore, a calibrated Au/Pt thermocouple with alumina inner insulationmade of 
the Standard Reference Material® (SRM®) 1749 [16] was used as a reference. The investigations were performed in 
the temperature range from 600 °C to 950 °C. The thermocouples’ homogeneity, as one of the most important 
uncertainty contributions affecting their accuracy, was measured, before starting the position testing and fixed 
point measurements, after the measurements in horizontal position and at the end after the vertical position 
measurements. In addition fixed-point measurements at the freezing points of Al and Ag were performed before 
and after the position testing to check the thermoelectric stability of the Au/Pt thermocouples. The homogeneity 
measurements were performed in a salt bath at a stable temperature of 300 °C and over a length of 16 cm of 
the thermocouples. Additional homogeneity scanning procedure was performed at the freezing point of silver. 
The homogeneity was measured by withdrawing the fully emerged thermocouple from the fixed-point cell. The 
thermoelectric homogeneity was measured over a length of 12 cm with steps of 2cm.

fig. 1 Illustration of the bending procedure using circular (upper panel) and angular(lower panel) surfaces together with the values of diameter and angle applied.
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Further measurements using an additional Pt20 %Rh outer protection tube, in which the thermocouples Au/
Pt 12–02 and Au/Pt 13–03 were inserted successively, have been performed in the two furnaces (in vertical and 
horizontal position) and at fixed points. The purpose of this protective tube was to create a typical measuring 
condition in which this tube is used for contamination protection. The final investigation was focused on the 
leakage effect possibly caused by the inner quartz glass insulation tube. This investigation was performed 
by repeated measurements at the fixed points of Zn, Al and Ag using Au/Pt thermocouples constructed with 
quartz glass inner insulation tubes and furthermore repeated after the insulation replacement for alumina 
inner insulation tubes.

Summary
Homogeneity measurements show that a small impact on the homogeneity of Type K 

thermocouples(up to 0.09 °C) is measureable. Type N thermocouples, on the other hand, are found to be 
insensitive to the effects of mechanically induced strain through bending (no effect was measureable). 
This test provides a useful method to inform a practical uncertainty budget, when bending of 
thermocouples is performed and therefore must be accounted for in the measurement uncertainty. 
The measured hysteresis show similar behaviour as in publications [17–21] with slight differences in the 
temperature range where the hysteresis occurs. This is most likely caused by the different source of 
material used for the thermocouple thermoelements. The hysteresis tests shown a tendency for both 
types to give a repeatable deviation of up to 4  °C from the reference function but the measurement 
uncertainty has to be taken into account.

The investigation of the Au/Pt thermocouples which were made by using solely quartz glass as an insulation 
material exhibited considerable deficiencies when used at temperatures higher than about 650 °C (independent 
from measuring position). This unsatisfying performance is suspected to be caused by the reduced insulation 
resistance of the single thin walled quartz glass tubes used. Taking into account the different wall thickness, 
the alumina insulation tube maintains its higher resistance at a value of 8.5x107 Ω at 1000 °C in comparison 
to quartz glass which only has a resistance of 3.6x107 Ω at the same temperature [22]. This is furthermore 
supported by the measuring results from Table 1 where calibration in fixed point with quartz glass insulation 
and alumina insulation replacement was done. If it were possible to use quartz glass tubes with thicker walls 
resulting in higher insulation resistance, the benefit of the unhindered movement of the thermoelements in 
the smooth quartz glass holes might compensate effects of the reduced insulation resistance found in this 
work.

Table 1 Emfs measured at fixed points when using the Au/Pt thermocouples 12–01 and 13–03 with quartz 
glass and alumina insulation tubes.

Fixed 
point

Au/Pt 12–01 Au/Pt 13–03
emf / µV 
(Quartz)

emf / µV 
(Al2O3)

∆emf / µV ∆t / °C emf / µV 
(Quartz)

emf / µV 
(Al2O3)

∆emf / µV ∆t/ °C

Ag 16084.9 16091.7 6.8 0.273 16101.6 16113.1 11.5 0.462
Al 9299.3 9300.6 1.3 0.065 9312.6 9315.0 2.4 0.119
Zn 4933.2 4934.0 0.8 0.050 4942.6 4943.0 0.4 0.025
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Аnnotation.
In the report the reasons demanding to carry out control of moisture content in natural gas on objects of the gas 

industry are specified. The principles and methods of measurement of humidity and temperature of a dew point of 
gases are considered. It is told about the devices realizing a condensation method of measurement of a dew point 
and merits and demerits inherent in this method. Process of oil absorption is considered. Also results of test of the 
made absorber capable to considerably reduce shortcomings inherent in the analyzers and hygrometers realizing 
a condensation method of measurement of temperature of a dew point of natural gases are given yielded.

Introduction
Among the known complex of the natural minerals relating to fuel and energy group, one of the main on use 

in the national economy is occupied by natural combustible gases. Natural gas is one of the best types of fuel. 
It is distinguished completeness of combustion without smoke and a soot, lack of ashes after combustion, by 
ease of ignition and regulation of process of burning. It is also a raw materials source for the chemical industry.

In the course of production, the natural gas arriving from a well, as a rule, is saturated with water and heavy 
hydrocarbons. Therefore, even before transfer it shall be drained to a certain level in order to avoid corrosion 
of pipelines and formation of the hydrates destroying an armature and other elements of a pipeline system. 
Besides transfer of water on thousands of kilometers is simply unprofitable. For this reason such parameter as 
humidity of gas is one of the main in case of production, transportation and conversion of natural gas. Reliable 
and exact measurement of this parameter is required at all stages —  from a well to gas processing plant, and 
significantly influences profitability and process performance.

Temperature of a dew point of natural gas
In the gas industry, for determination of humidity of gas its temperature of a dew point on moisture (DPW) 

which is strictly normalized by regulating documents is taken. Gas dew point temperature on moisture is a value 
of temperature of gas in case of which the water vapor containing in the gas cooled isobaric becomes saturated 
over a flat surface of water, in other words there is a transition of vapors of water to the condensed condition 
(liquid or hoarfrost). If necessary dew point temperature on moisture can be counted in moisture content 
according to the tables ASTM, ISO and GOST. Also It should be noted that from the technological point of view 
not absolute value of amount of moisture in gas, and degree of proximity of the current thermodynamic status 
of this water vapor to a saturated condition in case of which, actually, and there is a moisture condensation is 
important. Therefore the most acceptable characteristic is dew point temperature on moisture.

For natural gas there are one more temperatures of a dew point —  a dew point on hydrocarbons (DPHC). It is 
temperature at which of gas liquid hydrocarbons begin to be condensed. These liquid hydrocarbons represent 
gas components with higher molecular weight —  usually butane and heavier. This parameter, as well as in a 
case with a dew point on moisture, requires to itself attention and is normalized by regulating documents.

The devices used for determination of temperature of a dew point of gas.
Special devices —  hygrometers or analyzers which operation is based on various principles of measurement 

are used to measurement temperature of a dew point of gases.
From all set of the devices intended for measurement of temperature of a dew point it is possible to 

allocate two primary groups of the analyzers which are most often used and realizing different methods of 
measurement:

1. The analyzers realizing a dew point method (a condensation method) which is based on determination of 
temperature at which gas becomes saturated the moisture which is in it or hydrocarbons. This temperature is 
determined at first condensation of water vapor or hydrocarbons on a condensation surface which temperature 
can be established by any in the range of temperatures of work of a hygrometer.
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2. Analyzers which operation is the cornerstone sorption methods. Essence of sorption methods is absorption 
of vapors of water from natural gas hygroscopic material (sorbent) of the sensor of the sorption hygrometer 
which is in a gas flow with the subsequent measurement of any physical quantity pro rata to amount of sorbed 
water. Value of the measured physical quantity is recalculated in mass concentration of vapors of water. The 
greatest distribution was gained by dielkometrichesky, coulometric, piezoelectric and interferential methods.

Both groups of analyzers have as the advantages and shortcomings. But the unique analyzers which are 
realizing a direct method of measurement and directly determining DP are devices the measurements relating 
to the first group and realizing a condensation method. All other types of analyzers realize an indirect method 
of measurement, and for recalculation of output parameter in units of DP the special tables ASTM, ISO or GOST 
are used. Reliability of these tabular data raises doubts because, for example, the same results when using 
formulas of recalculation of ASTM D1142–95 and according to ISO 18453:2004 disperse by 10–15 degrees. The 
existing dependences receive, as a rule, on artificial mix of water vapor in nitrogen therefore they strongly 
differ from data for water in methane in specific operating conditions.

At the analyzers relating to the first group also other essential advantages in comparison with devices from 
other groups are had, namely:

- a possibility of measurement of temperature of a dew point not only on moisture but also on hydrocarbons,
- with a pressure close to atmospheric the error of measurement is determined only by an error of 

determination of temperature (a thermometer error),
- a part of analyzers has a possibility of visual observation of moisture condensation process what allows to 

exclude mistakes in case of measurement in case of loss of condensate of other components containing in gas 
(heavy hydrocarbons, etc.).

All listed benefits of the analyzers realizing a condensation method of measurement promoted that they 
gained the greatest distribution now.

The difficulties arising at measurement of temperature of a dew point of gas on moisture the devices realizing 
a condensation method of measurement.

As the analyzers realizing a dew point method (a condensation method) have a condensation surface which 
is washed by the researched gas that on it in the basis also other components containing in gas on by waters 
which can be accepted for moisture can be condensed. The glycols getting to gas in case of its drying and 
hydrocarbons with higher molecular weight (heavy hydrocarbons) belong to such components.

Availability, in a significant amount, heavy hydrocarbons and glycol in the researched gas leads to 
misstatement of true values of temperature of a dew point on moisture or do not possible its determination 
at all by the device of this type as they with a high probability will be condensed on the condensation surface 
of the device in case of more high temperature, than water. That is in a case with heavy hydrocarbons it hi to 
growth of a dew point on hydrocarbons to the value exceeding a dew point on water.

From above told it is possible to draw a conclusion to perform exact measurements of temperature of a dew 
point on water in natural gas the device of condensation type it is necessary to remove or bring to acceptable 
values amount of heavy hydrocarbons and glycol in this gas.

For removal from gas of the listed components the special filter is included in the package of analyzers. The 
cartridge the filled sorbent which is the modified absorbent carbon forms a basis of such filter.

The modified absorbent carbon has properties to well absorb the glycols couples and heavy hydrocarbons. However, 
it also has serious side effects, being the effective dehumidifier capable to absorb also moisture and consequently, 
to cause considerable changes of moisture content in test. So if the researched gas becomes to the land, absorbent 
carbon will give water, doing the gas arriving in the analyzer to more damp and if test becomes more damp, coal will 
dry up it therefore the device will begin to show lower humidity, than actually. This effect will manifest itself until in 
the coal will not come to equilibrium with the moisture, then the moisture content in the sample will be unchanged.

Thus overall performance of coal will be high in it so far there won’t come the equilibrium condition on 
glycols and heavy hydrocarbons but already came on moisture. That is coal still absorbs glycols and heavy 
hydrocarbons but doesn’t absorb moisture any more.

It should be noted that the greatest possible concentration of vapors of glycols in natural gas is as a rule rather 
low, in comparison with concentration of moisture, and the modified absorbent carbon on this component can 
effectively work rather long time.

Availability in gas of a large amount of heavy hydrocarbons leads to growth of a dew point on them. 
Operating time of the modified absorbent carbon on this component decreases as on it and on water the 
equilibrium condition in coal will be established practically at the same time.

From stated it is possible to draw a conclusion that for carrying out the correct and long measurements of 
temperature of a dew point on moisture in natural gas, in a case when dew point temperature on hydrocarbons 
is higher than it, it is necessary to use the effective filter of heavy hydrocarbons.

Such filter was made and tested in laboratory of department “Metrology and Analytical Devices” branch 
“Engineering Technical Center” of JSC «Intergas Central Asia».
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Oil absorber.
The oil filter —  an absorber is intended for removal from test of gas of vapors of hydrocarbons generally 

propane —  butane group. It can be applied in case of measurements of temperature of a dew point on moisture 
condensation analyzers and hygrometers in cases when gas contains a large amount of the hydrocarbons 
which are condensed before moisture that complicates or does not possible carrying out measurements.

The principle of operation of the filter is based on use of process of oil absorption which cornerstone the 
mass exchange, i.  e. transition of substance from a gaseous phase in a liquid phase is (in  absorbent or an 
absorber). Dissolution of gas in absorbent depends on pressure and temperature in an absorber, and also the 
molecular mass of absorbent. As absorbent (an absorber of hydrocarbons from gas) usually apply light oils. Use 
of oil as absorbent also doesn’t promote change of moisture content in gas test as water in oil is practically not 
dissolved and consequently it doesn’t lead to misstatement of results of measurement.

Structurally the absorber is a hermetic vessel of high pressure in amount 1 liter. In the lower part of a vessel 
the union for supply of the researched gas, and in the upper part the union for removal of the filtered gas 
supplied to the analyzer or a hygrometer is established. The vessel, on a half, is filled with the absorbent which 
is the dehydrated transformer oil through which there passes the researched gas and filtering is reached due 
to absorption of vapors of hydrocarbons by oil.

The filter described above was made and put on comprehensive trials. Testing consisted in a transmission of 
gas through it having a certain value of temperature of a dew point on moisture of the GVG-2M gas generated 
by the generator of humidity, and then a transmission through it natural gas in which dew point temperature 
on hydrocarbons considerably exceeded value of temperature of a dew point on moisture. In the first case 
influence of absorbent on moisture content in test of the researched gas, and in the second efficiency of its 
work on decrease in temperature of a dew point on hydrocarbons was established. Results of testing for the 
first case are given in table 1, and for the second in table 2.

As control devices analyzers of a dew point of condensation type were used: Chandler of model 13–075 of 
production of “Chandler Engineering”, USA with a margin error measurements of temperature of a dew point 
±0,5 ºС and “Hygrovision —  BL” made by LLC “SPA Vympel”, Russia with a margin error of measurement of 
temperature of a dew point ±1ºС

Table 1.
 generated DPW, GVG-2M, ºС.  measured DPW, Chandler 13–075, ºС.  measured DPW, Hygrovision-BL, ºС.

 20  19,8  20,1
 0  0,1  0

 –20  –20,1  –19,7

Table 2.
measured DPHC gas, ºС. measured DPW gas, ºС. measured DPHC gas, ºС. measured DPW gas, ºС.

without absorber  with an absorber

Chandler 13–075  14,8 condensation of 
hydrocarbons (HC)  –17,2  –16,3

Hygrovision —  BL  15,5 condensation of 
hydrocarbons (HC)  –16,8  –16,5

Conclusion

Testing of the made sample of an absorber showed its efficiency during removal of hydrocarbons from the 
researched natural gas. Also lack of influence of the filter on moisture content in test of the researched gas was 
established.

Filters, similar to it, can be used with success together with analyzers and hygrometers of condensation type 
without worsening their metrological characteristics, and in certain cases doing application of the last without 
them at all not possible.
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Современное состояние науки и  техники в  области метрологии времени и  частоты являет-
ся определяющим во многих отраслях человеческой деятельности, особенное внимание сегод-
ня в  России уделяется развитию глобальной навигационной спутниковой системы ГЛОНАСС и  ее 
функциональным дополнениям. В  рамках реализации федеральной целевой программы (ФЦП) «По-
ддержание, развитие и  использование системы ГЛОНАСС на 2012–2020 годы» в  2016  году предусмо-
трено создание опытного образца наземного рубидиевого стандарта частоты фонтанного типа 
с предельно достигаемой девиацией Аллана не более 2∙10–16. Одной из главных проблем стандартов 
частоты фонтанного типа является фазовый шум сигнала, зондирующего часовой атомный пе-
реход. В  настоящей работе показано решение этой проблемы за счет применения водородного 
генератора повышенной мощности в качестве опоры в схеме формирования зондирующего сигна-
ла. Данное решение отличается сравнительной простотой, поскольку не требует применения ни 
криогенных микроволновых осцилляторов, ни сложных оптических систем.

The state of the art in time and frequency metrology defines many fields of human activity. At present in 
Russia a special attention is devoted to development of the global navigation satellite system GLONASS and 
its functional supplements. According to the federal program “Maintenance, advancement and usage of 
the system GLONASS in 2012–2020 years” a creation of terrestrial rubidium fountain atomic clock with limit 
achievable Allan deviation no more than 2∙10–16 is envisaged in 2016 year. A main problem of the fountain 
atomic clock is a phase noise of interrogation signal probing the atomic clock transition. In the present work a 
solution of the problem via application of the hydrogen maser with increased power as a reference in synthesis 
scheme of the interrogation signal is described. This solution caused by simplicity because it does not require 
cryogenic microwave oscillators or complicated optical systems application.

I INTRODuCTION
Increase of accuracy and stability of the time and frequency unit performance is associated with creation 

and further improvement of new standards. Time and frequency standards based on a quantum transition of 
atomic ensemble have allowed to increase the frequency stability to several orders as compared with quartz 
clocks and have been rapidly developing. Today the definition of the second based on microwave transition of 
the 133Cs [1], according to BIPM’s recommendation one of the possible candidates for redefinition of the second 
is microwave transition of the 87Rb [2]. Thus the increase of frequency stability and accuracy of the standards in 
microwave field is extremely important and relevant issue.

In the key world metrology laboratories the rubidium or cesium fountain atomic clocks have replaced atomic 
standards based on heat atoms and operates as a reference standards. In the FGUP “VNIIFTRI” according to 
implementation of the federal program the rubidium and cesium fountain atomic clock prototypes also are 
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being developed. It is important to note that the created cesium fountain atomic clock is exploiting as the state 
reference time and frequency standard, and has the record accuracy of 5∙10–16 currently in Russia [3].

The Allan deviation of fountain atomic clock is the basic metrology feature and has the following form [4]:
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here Qat —  quality factor of the clock transition line, Nat —  number of detected atoms, Tc —  duration of one 
operation period (about 1.5 s). The first term in (1) describes the noise caused by measurement of quantum 
atomic state. The second term describes the Poisson noise of the average number of the detected photons nph. 
The value σδN represents independent mean-square fluctuations of the atom number in each measurement. The 
last term γ describes a contribution due to phase noise of the microwave interrogation signal. This contribution 
known as Dick effect is usually dominant term and limits the device’s stability [5–8].

Decrease of the noise contribution γ is associated with the phase noise suppression of a synthesizer (local 
oscillator) or a reference signal delivered to the synthesizer. In the first case ultra low noise cryogenic microwave 
oscillators [9] or ultra stable optical oscillators with laser femtosecond comb [10] are applied. The second case is 
significantly easier when applying H-maser with improved stability which reached due to multiple increase of 
power radiated by operating atoms in the H-maser’s storage bulb. The main results of research and application 
analysis of the developed “special” H-maser are described further.

II MAIN RESulTS
There are several well-known methods to increase a power radiated by atoms in H-maser’s storage bulb 

[11]. In the paper a few main results of complete series of works dedicated to creation and research of a special 
hydrogen maser with increased output power based on the methods are represented.

Firstly, experimental results, which are represented in figure 1, show that actual achievement of a signal 
to noise ratio (S/N) in bandwidth 1 Hz at the special H-maser’s output is close to 87 dB level, what is greater 
about 15 dB than typical value of S/N for industrial masers. This special hydrogen maser, according to theory 
prediction and the experimental results, has an extreme low phase noise level near carrier due to large signal 
to noise ratio. This parameter is highly important in microwave frequency standards operated in pulse mode 
when a period of one cycle is equal to Tc. So, in fountain atomic frequency standards a usage of the special 
H-maser as a reference source for a microwave synthesizer can significantly suppress the phase noise of the 
interrogation signal at the offsets n/Tc from clock transition frequency (where Tc = 1.5 s, n = 1…10), i. e. decrease 
the Dick effect because these harmonics cause a dominant contribution in a value of the effect [12].

              (a)                     (b)
Figure 1. Experimental data of H-maser’s signal-to-noise ratio from phase noise (a) and signal analyzer (b) measurements

Secondly, the large level of the signal to noise ratio also allows to get a high short and medium term stability of 
the hydrogen frequency standard. In figure 2a the frequency Allan deviation (ADEV) of 5 MHz at 1 second average 
versus signal to noise ratio of the special H-maser is represented, the measurements were performed at precision 
frequency comparator VCH-314 (“Vremya-Ch” JSC, Russia) in bandwidth 3 Hz. As it is shown from the figure the ADEV 
is decreasing with S/N being increased and achieves 6.5∙10–14 at 1 s. The results of the phase noise measurements 
near carrier of low noise quartz oscillator 10 MHz phase locked to the special H-maser and being in free running 
mode are shown in figure 2b. The free running quartz oscillator 10 MHz has the stability near 1.0∙10–13 at 1 s.
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                   (a)                  (b)
Figure 2. (a) The measured Allan deviation at 1 s of three special hydrogen standards versus signal to noise value at maser’s output. The used inner quartz oscillator 
5 MHz has the stability about 6.5∙10–13 at 1 s in free running mode. (b) The measured phase noise of the 10 MHz quartz oscillator near carrier

At last the interrogation signal’s principal scheme based on the special H-maser with metrology features, 
which represented in figure 2, as the reference for the commercial synthesizer SpectraDynamics Rb-1, which is 
the optimal device among its category, is being discussing. According to the results of the Dick effect calculation 
adduced in the table 1 the application of the H-maser with increased power in such scheme provides the 
contribution, which is less than 1.0∙10–13/√τ. This value with a margin ensures requirements dedicated to the 
interrogation signal: to achieve the fountain Allan deviation of 2∙10–16 the value γ is estimated to be less 1.5∙10–

13/√τ.
Thus, the key benefit of such hydrogen maser application in microwave atomic frequency standards is the 

significant reduction of metrological requirements, such as phase noise and limit frequency stability, of the 
local oscillator —  quartz oscillator or dielectric resonator oscillator (DRO).

Table 1. The calculated Dick effect for SpectraDynamics Rb-1 synthesizer with different reference H-masers.
Synthesizer Reference Dick effect γ

SDI Rb-1
“usual” H-maser with S/N = 70 dB 2.1∙10–13/√τ

“special” H-maser with S/N = 80 dB 1.2∙10–13/√τ
“special” H-maser with S/N = 87 dB 6.7∙10–14/√τ

III SuMMARY
The metrology performance of the developed H-maser with increased power, due to usage of several 

original methods, has been researched. The analysis of the application of such maser as the reference in 
interrogation signal’s scheme of the fountain atomic clock has been performed. This analysis demonstrates 
that the proposed approach in the work resolves the issue of the fountain atomic clock’s stability limit due to 
the phase noise of the interrogation signal. Further decrease of the noise impact on the stability is possible due 
to improvement of synthesizer’s performance.
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quBITS AND ThEIR APPlICATIONS IN METROlOGY 
A. A. Chubanov 
(ingeneer for metrology 2 rank 
FBU “CSM Nizhny Novgorod”)

a. ThE PROBlEM
Now there is a great interest in the field of information technologies cause development a quantum computer 

that make direct use of quantum-mechanical phenomena, such as superposition and entanglement, to perform 
operations on data. Qubit —  is a unit of quantum information —  the quantum analogue of the classical bit. 
As a bit, a qubit admits two of its own state, but it can be in superposition. Following the development of a 
quantum computer will need to establish a standard unit of quantum information. The search for a candidate 
for the role of the qubit (and, stable) can give perspectives to the development of quantum metrology.

The development of nanoelectronics and spintronics[1–3] during the last years has attracted considerable 
attention to novel types of heterostructures where the evolution of charge and spin degrees of freedom 
for the carriers have more favorable characteristics for possible device applications than in conventional 
semiconductors. A promising candidate has been recently discovered in the field of new materials called 
topological insulators (TI). In these materials the bulk material is insulating but the edge states having the 
energies within the bulk gap are of helical nature and are protected from the backscattering by the time 
reversal symmetry, creating efficient channels of spin and charge transport.[4, 5]

b. INTRODuCTION AND RECENT RESEARCh AND PuBlICATION
One of the first examples of TI-based structures were the HgTe/CdTe 2D quantum wells[5] where the tuning 

of the well width may create the phase where topologically protected edge states exist. The applications of TI 
in nanoelectronic devices require the fabrication of localized small-to-medium size object like quantum dots 
(QD). Several models of QD formation at the edge of TI where the symmetry protected state exist have been 
proposed during the last years.[6, 7] Most of them relevant to 1D QD on the edge of 2D TI deal with simplified 
assumptions of non-transparent magnetic barriers which are required to confine the electrons with massless 
Dirac (or Weyl) spectrum.[4] Under such assumptions the spectrum of discrete energy levels inside QD forms 
a set of equidistant levels located in two ladders above and below the Dirac point of TI where two linear 
dispersion branches cross.[6] For each level the corresponding eigenstate is a two-component spinor with 
certain spin polarization, which makes this system a promising candidate for studying there a driven dynamics 
excited by external electric field tuned to match the interlevel resonance splitting.

c. wAYS TO SOlVE PROBlEM
Requirements for performing a volumetric calculations and upgrade the cryptographic mechanisms causing the 

need for the creation of quantum computers. Scientists are engaged in the topic since the 80s of the 20th century. 
Need to get a heterostructure, providing a stable living condition at adequate temperatures. To this end, research is 
needed and new types of materials called topological insulators. Studies of their characteristics can give a significant 
contribution to the development of information technologies and quantum metrology, respectively.

d. wORK PuRPOSES
Here we derive a model of a 1D-quantum dot formed at the edge of 2D TI based on the HgTe/CdTe quantum 

well bounded by magnetic barriers on both ends of the QD, which are described by a realistic model of finite 
barrier height. We discuss various mechanisms leading to the barrier formation, including the exchange 
interaction and Zeeman term. In particular, the two-level dot representing a model for the qubit is studied, 
and its Rabi frequency is found. The qubit operating time defined by the Rabi frequency is compared with 
relaxation times created by several mechanisms that are briefly discussed.

e. RESEARCh
We firstly describe an unperturbed Hamiltonian HQD for the 1D electron in a quantum dot (QD) confining the 

edge states in 2D HgTe/CdTe topological insulator (TI). The 3D layout of our structure is shown schematically in 
Fig.1. The HgTe quantum well in the center (lightcolored) region is formed by two neighboring CdTe layers, and 
the edge of the structure where the localized and topologically protected states are formed is described by the 
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line x = 0. The edge states are localized transversally to the edge along the x-direction, decaying into the bulk 
volume of the sample, and they are freely propagating parallel to the edge along the y-direction. Such states, 
as it has been shown previously,[4], can be described by the effective Weyl Hamiltonian

H Aky z0 = σ       (1)

Here the parameter A is determined by the 
HgTe/CdTe quantum well geometry where the 
twodimensional electron gas in confined, and for our 
model we take the value A = 0.36 eV · nm and consider 
the band gap in HgTe/CdTe to be around 40 meV which 
corresponds to the quantum well width in the range 
of 7. . . 8 nm.[4] In order to confine the states along 
the TI edge in the y-direction on our Fig.1, one needs 
to insert a mass term into the Hamiltonian, at least in 
the barrier area bounding the 1D region of length L 
at the edge of TI where the 1D quantum dot can be 
formed. We take two mesoscopic barriers separated 
by the distance L, as it is shown in Fig.1. Each of these 
barriers may be viewed as a mesoscopic magnet 
having a specific magnetization of amplitude M1,2 
and orientation Θ1,2 in the xy-plane. By generalizing 

the idea of non-transparent magnetic barriers,[6] we consider the model of barriers with finite transparency 
reflected in their finite height in units of energy M1,2, leading to the Hamiltonian of the form:

H Ak M y M y Ly z x y x yQD
= − − + − − +( )( ) ( )σ σ σ σ σ

1 1 1 2 2 2
Θ Θ Θ Θ Θ Θcos sin cos sin(( )  (2)

Here the first term H Aky z0 = σ  is the effective Weyl Hamiltonian (1) for massless edge states propagating 
on the boundaries of the HgTe/CdTe TI. The second and third term in (2) describe the magnetic barriers located 
along the TI edge at y = 0 and y = L forming a confining QD potential, as it is shown schematically in Fig.1.

In our model where the Hamiltonian (2) describes the barriers with finite transparency the spectrum cannot 
be found analytically, and has to be obtained from a transcendental equation which can be derived from the 
continuity of wavefunction at the boundaries between the QD and the corresponding barrier. After solving it 
numerically we obtain a non-equidistant spectrum with non-uniform level spacing E. The spectrum and the 
associated properties of the eigenfunctions, including the spin polarization, strongly depend both on the QD 
size L and on the relative orientation and magnitude of the barrier magnetizations defined by the parameters 
M1,2 and Θ1,2, respectively. Below we will present several typical examples.

Let us first consider the case of parallel magnetizations Θ1=Θ2=0, for the magnetization energies of both 
barriers M1 = M2 = 20 meV which is equal to the one half of the band gap in HgTe/CdTe quantum well. The 
first plot to be shown is the energy level dependence on the QD size L shown in Fig.2(a). On can see that the 
number of levels in the QD grows with the growing QD size L, and the interlevel distance decreases in general 
accordance with the expression for the non-transparent barriers. It should be specially noted that for the 
sufficiently narrow QD when L ≤ 70 nm there are only two levels available which turns the QD into an effective 
twolevel system suitable for the qubit applications. For low magnetization energies M1,2 ≤ 50 meV and for 

FIG. 1. (Color online) Schematic view of a 1D-quantum dot with length L 
formed at the edge of 2D topological insulator in HgTe/CdTe quantum well by 
two magnetic barriers (pink) with magnetization amplitudes M1 and M2 and 
polarization angles in the xy-plane.

FIG. 2. (Color online) (a) Energy level dependence on the QD size L, (b) Dependence of the energy levels on the magnetization energy M. The number of levels 
is always even.
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fixed L = 30 nm there are only two levels available inside QD, which again is a sign of a stable two-level system 
suitable for qubit applications. It turns out from the specific form of the wavefunction that the z component of 
the spin density is always zero. In Fig.3(a),(b) we show the examples of level structure (top) and two-dimensional 
spin density vector field (Sx(y), Sy(y)) inside the QD and in the neighboring barrier regions (bottom). The results 
in Fig.3(a) are shown for the narrow QD with L = 30 nm where only two levels are available, and in Fig.3(b) a 
wider QD with L = 110 nm is considered where four levels are formed. It can be seen that different levels have 
different spin textures, which should be taken into account during the Fermi level variations leaving certain 
level being filled.

One of possible applications of the tunable QD described by our model can be the scheme for the realization 
of qubit. It is of interest to find out whether the proposed QD model for sufficiently narrow length L ≤ 40 nm 
where only two levels are available for the confined electrons may actually work as a potential qubit. The first 
step, according to the Di Vincenzo criteria for quantum computation schemes [8] is an estimate on how fast 
the qubit may operate under the control gate pulses. We thus proceed with a simple quantum mechanical 
calculation of the two-level population swap under the monochromatic electric field on the frequency equal to 
the level splitting, and extract the resulting Rabi frequency both analytically and numerically. We consider the 
perturbation for the initial Hamiltonian (3) as a scalar potential V (y, t), in the form of spatially uniform electric 
field E0 created by electrostatic gates. The field is harmonic with frequency ω0 2 1= −( )E E / ћ  matching the 
level splitting:

V y t e y t, cos( ) = ⋅ ( )ε ω
0 0      (3)

The transition between the initial states on level E1 to the upper level E2 is characterized by the Rabi frequency 
ω πR T= 2

12
/  where T12 is the time period during which the level E1 population described by decreases from 1 

to 0, and the upper levels population rises from 0 to 1. For two-level system in the rotating wave approximation 
(RWA) the Rabi frequency can be found analytically. We see that the RWA approximation is in a good agreement 
with numerical solution. For the narrow two-level QD with L = 30 nm the level spacing E2 –E1 = 23 meV which 
corresponds to the driving frequency ω0 = 3.5·1013 s-1. The maximum achievable Rabi frequency, as it follows 
from the computational results, can reach as much as 1011. . . 1012 s-1 which indicates an acceptable range of 
qubit operation time top ≈ 10–11 s. Taking into account our results on the qubit operation time top ≈ 10–11 s 
and the estimates of the relaxation times discussed above, we may conclude that our two-level QD when 
being viewed as a qubit can handle up to 105. . . 108 operations, which is an acceptable value for further studies 
of quantum computation schemes with this proposal. It should be noted, however, that the experiments on 
magnetoconductivity in HgTe quantum wells show the relaxation times which are of the order of 10–10 sec. [9] 
These rather short relaxation times are applicable to the 2D electron gas inside the QW, i. e. for the bulk states 
rather than for the edge states which are considered here. One could say with certainty that any possible qubit 
applications of QD formed at the edge of TI in HgTe quantum well require further experimental studies of 
relaxation times for these edge states.

FIG. 3. Level structure (top) and twodimensional spin density vector field (Sx(y),Sy(y)) inside the QD and in the neighboring barrier regions (bottom) for (a) the 
QD with L = 30 nm and (b) the QD with L = 110 nm.
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f. CONCluSIONS
We have studied the quantum states, their spin density patterns, frequency dependence of the optical 

absorption coefficient, and two-level driven dynamics for the electrons in a quantum dot formed at the edge 
of two-dimensional HgTe/CdTe topological insulator representing a new class of materials with Weyl massless 
energy spectra, where the motion of carriers is less sensitive to disorder and impurity potentials. The predicted 
structure of absorption peaks can be served as a spectroscopic tool for the experimental observation of QD 
formation where discrete energy levels arise in the band gap of the host material. The dynamical properties 
of twolevel dot driven by monocrhomatic electric field indicate the possibility of a fast level switch operation 
suitable for further qubit applications as a new example of two-level system. The predicted properties are 
interest for future investigation in both fundamental and applied properties of QD formed in topological 
insulators as future elements of spintronics and nanoelectronics. For metrology is now ongoing studies 
are of great importance. Since most modern measuring instruments are computerized, the introduction of 
quantum computing would require the development of fundamentally new programming language for the 
new architecture of computers. There will be a question of the development of evaluation software protection 
algorithms related to metrological characteristics of measuring instruments.
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ThE ROlE Of INTERlABORATORY COMPARATIVE TESTS/
INTERlABORATORY COMPARISONS IN ThE DEVElOPMENT 
Of NATIONAl, COMPETITIVE PRODuCTS

ulzhan Kuleimenova
RSE “KazInMetr”, Astana, Kazakhstan

Annotation: Confidence in the quality of products, which were produced by the enterprise, is the key of 
success and competitiveness in the market. Confirming products’ quality and environmental security of the 
manufacture is impossible without a well-functioning testing and calibration laboratories, which can provide 
the accuracy of their results.

Now, external evaluation of the laboratories’ competence by proficiency testing is one of the main 
instruments of development of laboratories’ activities and improving the quality of researches. Even with a 
perfectly functioning management system, high-precision expensive equipment and professional operators, 
without external evaluation laboratories can work for a long period with an offsets or significant random 
variations in measurement results. Only through proficiency testing, laboratories can reveal the presence of this 
kind of problem. Participation in Interlaboratory comparisons makes it possible to identify the “weak” sides of 
the laboratory operation and the successful implementation of preventive and corrective actions make them 
more “strong.”

Interlaboratory comparative tests and comparisons (hereinafter —  ILC) is a necessary and effective tool for 
ensuring the uniformity of measurements in the country and the quality of measurements in laboratories.

Interlaboratory comparative tests —  the organization, implementation and evaluation of measurements 
or tests on the same or similar samples by two or more laboratories in accordance with the previously defined 
conditions. Interlaboratory comparisons  —  the comparison of the results of research, the metrological 
characteristics of measuring instruments. Proficiency testing —  the assessment of the party’s work on pre-
established criteria through the ILC. [1]

The basic principles of the ILC are:
ü Voluntariness
ü Transparency
ü Competence
ü Independence
ü Privacy
ü Non-discrimination and the exclusion of the possibility of taking biased decisions. [2]
Confidence in the quality of products, which were produced by the enterprise, is the key of success and 

competitiveness in the market. Confirming products’ quality and environmental security of the manufacture 
is impossible without a well-functioning testing and calibration laboratories (hereinafter –TL/CL), which can 
provide the accuracy of their results.

Nowadays, when the problem of testing quality system in the TL/ CL is especially acute, main attention must 
be focused on the accuracy and reliability of researches’ results. One effective way to demonstrate the quality 
of the laboratories’ results is to check it’s qualification by the ILC.

ILC has great value for medical (clinical-diagnostic) laboratories, since correct diagnosis and treatment are 
largely dependent on the reliability of analyses obtained in the clinical-diagnostic laboratories. Reliability of 
analysis can be affected by several factors: accuracy of measuring devices, the appropriate preparation of 
the patient for analysis, proper execution of measurement techniques, as well as the correct interpretation of 
the results. In this regard, participation in proficiency testing rounds gives confidence to the laboratories by 
providing them with the accurate and reliable data.

Despite the increasing production of domestic products (CIS countries) and wide distribution them on the 
market, consumers still prefer to buy import goods, which were produced in the EU and the US territories. This 
is due to the high level of functioning of manufactures’ quality systems in the above mentioned countries. 
One of the key factors of their production’s success is the consumers’ confidence in the activity of TL/CL. 
Accreditation System of European countries (Germany, UK, France, etc.) and the United States provide a high 
level of quality of the laboratories by ILC.
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ILC enables to give an objective assessment of the reliability of tests, verifications/ calibrations conducted 
by laboratory and the results of its operations. In foreign countries, ILC has long been widely operating as one 
of the main tools of the laboratories’ technical competence assessment. The number of proficiency testing 
programs (hereinafter —  PTP) in Europe and the US is higher than their number in the CIS countries. According 
to the world-unified registry EPTIS and the web sites of respective countries’ accreditation bodies Germany has 
661 PTP, UK-280, USA —  299 while In Russian Federation-157, Belarus —  106, Kazkahstan-80. [3]

In addition, in abovementioned countries, issues of laboratory proficiency testing are regulated at the 
international level by the relevant regulatory and technical documents. The requirement of accreditation 
bodies on the participating in proficiency testing is based not only on the states of ISO / IEC17025 “General 
requirements for the competence of testing and calibration laboratories”. The International Organization 
for the accreditation of laboratories ILAC, as well as the European Association for Accreditation EA imposes 
their demands for the participation in the PTP and uses the results in practice, firstly, during the accreditation. 
One of the key document is the guide ILAC-P9: 06/2014 «ILAC Policy for Participation in Proficiency Testing 
Activities”, which sets the guidelines for the accreditation bodies on using of proficiency testing in the process 
of accreditation of the laboratories. Under this policy, the technical competence of the laboratories can be 
demonstrated by successful participation in ILC organized with purposes other than proficiency testing, 
including:

• the evaluation of characteristics of test methods;
• the evaluation of characteristics of the standard samples;
• to compare the results of operations of two or more laboratories on their own initiative;
• as proof of the equivalence of measurements of National Metrology Institutes. [4]
Besides this, in the aforementioned manual are attached requirements for national accreditation bodies. 

One of these requirements is the presence of its own policy on the using the proficiency testing results.
Also, it should be noted the presence of unified worldwide registry of providers and PTP EPTIS (European 

proficiency testing informative system) (www.eptis.bam.de), the coordinator is the «Federal Institute for 
Materials Research and Testing» of Germany. Database EPTIS, which is aimed at accounting of regular 
functioning PTP, currently has about 3,000 PTP in the different areas from ILC providers of 40 countries.

As we can see, ILC is an integral part of ensuring the quality of production in Europe and America.
However, in CIS countries, ILC does not operate successfully enough, which can be noticed by the following 

facts:
• A small number of accredited and non‑accredited providers;
• Narrow accreditation scope of ILC providers (lack of PTP);
• No unified online ILC resources (registry) in CIS.
Considering the increasing number of TL/CL in the CIS countries over the past decade, it is necessary to 

develop and pay more attention to proficiency testing procedure by ILC.
Let us consider the dynamics of the ILC development by the example of the Republican State Enterprise 

“Kazakhstan Institute of Metrology” (hereinafter  —  RSE “KazInMetr”). RSE “KazInMetr” is a State Scientific 
Metrological Center, which has acted as a provider of ILC since 2011. In 2014, Institute has accredited for 
compliance with the requirements of GOST ISO /IEC17043 “Conformity assessment. Basic requirements for 
proficiency testing”.

Today RSE “KazInMetr” —  one of five institutions in the country, with the accreditation certificate, which 
confirms the international level of quality of performing work on the organization of ILC.

In analyzing the ILC results for 2011–2016 years, the following figures have been identified:

Table 1. ILC of RSE “KazInMetr” for 2011–2016 years.

Year The number of 
conducted IlC

The number of participated laboratories The number of 
unsatisfactory resultsTl Cl

2011 71 41 30 15 (21 %)
2012 85 45 40 13 (15 %)
2013 100 47 52 10 (10 %)
2014 120 50 70 8 (7 %)
2015 150 57 93 8 (7 %)
2016 200 65 135 5 (3 %)

As we can see, there is a clear tendency to reduce erroneous results during ILC in 2016 compared to 2011. It 
indicates improvement of the quality level of laboratory researches and the positive experience of the work 
done by the organization ILC.

The most important and difficult task during the ILC is a statistical calculation of the participating laboratories’ 
results and data analysis. However, it is important to carry out not only a statistical calculation, but also an 
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analysis on metrological correctness and adequacy of the conducted measurements. Because the result also 
depends on the information provided by the participating laboratory (verification / calibration protocol, 
uncertainty report), the requirements and conditions performed during comparisons and the algorithm of 
statistical calculation.

Let’s consider the results of ILC for the last 4 years of the provider RSE “KazInMetr”’s activity on 
calibrating a weight in 500 g, accuracy class M1. Calibrations were conducted in accordance with OIML 
R111–1–2009 “Weights of classes E1, E2, F1, F2, M1, M1–2, M2, M2–3 and M3. Metrological technical requirements” 
and Guideline 1747–87 “Measures of exemplary and general purpose masses. Method of verification”. 
In these ILC programs, participating laboratories evaluated the actual weights and its corresponding 
uncertainty. As reference values were accepted the results of the calibration laboratory of the National 
Metrology Institute (RSE “KazInMetr”), obtained by the state standard of mass. Since the state standard 
of the mass’ unit of the RSE “KazInMetr” was compared with the working standard of the International 
Bureau of Weights and Measures (BIPM), it provides international traceability of measurement results and 
is the most accurate in the country.

Figure 1 shows the results of the laboratories participated in ILC on calibration of weight for 2013–2016 
years. In the round of comparisons took part 4 laboratories, indicated in figure from 2 to 5. Number 1 indicates 
the assigned values obtained by the state standard. The green marks in the graph are real values, blue —  the 
upper limits and red —  the lower limits.

Figure 1. Data of ILC on weight calibration in 2013–2016 years.

Thus, it can be clearly seen from the graphs that the uncertainty values of the laboratories decreased year by 
year and stayed within the limits of the allowed (assigned) meanings. Which in turn shows increasing accuracy 
and correctness of the measurements. Through the analysis of errors and the organization of corrective 
measures, we have opportunity to improve technical activity of laboratories.

Now, external evaluation of the laboratories’ competence by proficiency testing is one of the main 
instruments of development of laboratories’ activities and improving the quality of researches. Even 
with a perfectly functioning management system, high-precision expensive equipment and professional 
operators, without external evaluation laboratories can work for a long period with an offsets or significant 
random variations in measurement results. Only through proficiency testing, laboratories can reveal the 
presence of this kind of problem. Participation in the ILC makes it possible to identify the “weak” sides of the 
laboratory operation and the successful implementation of preventive and corrective actions make them 
more “strong.”
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Advantages of ILC:
ü Improving the efficiency and the technical activity of laboratories;
ü A regular assessment of the quality of researches;
ü Validation and introduction of new methods / devices in laboratory practice, which in turn can be the 

basis for a new standard;
ü Professional development of personnel;
ü Increasing reputation in the domestic and foreign markets;
ü The advantage to customers and external regulatory organizations, including accreditation bodies and 

state supervisory authorities for the non-accredited laboratories;
ü Results of ILC â effective feedback â quality management.
Development of the activity of proficiency testing providers and ILC is the only key to the confidence and 

credibility of the TL/CL’s work. Effectively functioning laboratories —  the way of the domestic production and 
competitive products’ success.
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Summary: This work characterizes the logical processes required to be carried out with a measuring 
instrument to assure quality results. As an example, we shall analyze pressure measuring instruments. The 
aim is to confirm the reliability of the measurement capability, respectively, its relevance. We shall focus on the 
description of processes that should be maintained on the given equipment.

Key words: processes, standard, control chart, competence, calibration, maintenance, intermediate check, 
calibration interval.

INTRODuCTION
Pressure unit is a derivative measurement unit of the International System of Units [1]. Within the mass laboratory 

and masses derivates (laboratory), pressure is reproduced mostly using pressure balance, which represent 
pressure measurement instruments (MI), frequent used as standard due to their special performances. Because of 
the fact that pressure measurements imply a wide diversification (depending on the environment, measurement 
interval, functioning principle etc.), as working standards, may also be used calibrators, indicators, pressure 
micromanovacuummeters. So, the system of standards of the National Institute for Metrology (INM) confirms its 
utility. The main purpose is taking over the pressure measurement unit, its conservation and dissemination to the 
reference standards, and, thus, assuring uniformity of measurements performed on the territory of the Republic 
of Moldova, inclusive within the economic, technical and scientific relations with other countries.

Measurement capabilities of laboratory cover most metrological requirements of the measurement 
instruments used in the Republic of Moldova. Figure 1 presents the metrological traceability scheme of the 
pressure measurement unit.

figure 1. Metrological traceability scheme of the pressure measurement unit
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PROCESSES REquIRED fOR ThE ASSuRANCE Of quAlITY RESulTS Of A MEASuREMENT 
STANDARD

The Quality Management System (QMS) implies the analysis of all components that can influence the 
measurement process. [2]. The processes are monitored so that the result of the measurement process to 
be within the reasonable and satisfying expectance limits or, at least, clear for the beneficiary. Nevertheless, 
as seen in practice, it is difficult for the laboratory staff to structure the periodicity of the processes required 
to be performed with the standard, as well as the proofs relevant for an audit. Thus, this article shall present 
an example of observing the objective interferences for the assurance of quality results reproduced by a 
measurement standard.

We shall classify the processes that influence the result depending on their impact. So, there are two main 
categories, as seen in Figure 2:

Macro-processes —  intercomparisons, calibrations, control charts, replicated calibrations. Macro-processes 
represent actions undertaken for observing the standard continuously, during a long period of time. These are 
mainly focused on the assurance of proficiency evidences and require the compliance with related standards/
guides, as well as the cooperation with other institutions.

Micro-processes  —  intermediate check, maintenance, inspection before and after transportation. Micro-
processes represent actions undertaken for observing the standard instantaneously and after every change 
in its status. These are mainly focused on the confirmation of the manufacturer’s recommendations, QMS 
requirements and require a highly competent staff involved in the work.

figure 2. Optimal distribution of processes for quality assurance

Intercomparison
This process has the purpose of confirming the measurement capabilities of testing/calibration and 

metrological verification laboratories. Laboratories that prove their measurement capabilities —  Figure 3 —  
have the assurance of the reliability of their measurements.

Calibration
Activity that establishes, in certain conditions:  —  firstly, a relation between the values and related 

measurement uncertainties provided by standards and the readouts in accordance with the related 
measurement uncertainties; —  secondly, this information is used to establish a relationship that would allow 
obtaining a measurement result starting from a readout [3].

The metrological traceability of a measurement result can be confirmed only through calibration.

Control chart
Control charts, like other results of researches on exploitation risks, recalibration of MI, and improvements 

and/or tendencies observed in time, are introduced in the technical fiches of MI as research reports.
The performed analyses may include information regarding the calibration interval, periodicity of standard 

use, measurement unit drift, descriptions of observations and improvements. The results may serve as basis 
for reasoning the modification of the maintenance and calibration program of the National Measurement 
Standards Database.

Figure 4 presents an example of a control chart of a pressure balance calibrated already for 3 times. It can 
be observed that the main metrological characteristic —  effective area of the piston —  has a linear stability in 
time and is within the acceptable error limits.

The 5 years frequency of calibration and stability of ER04:2014 is confirmed [4], [5].
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figure 4. Control chart presenting the stability of the effective area of the piston no. 1263(x – years, y —  cm2), part of the type PG 7601 no. 663 weight piston 
manometer

Calibration replicated
Calibration replicated has the purpose of validating a calibration method used by a laboratory or the 

proficiency of staff to use a calibration procedure, for the uniformity of the result. For a clear presentation, Figure 
5 shows the types of replicated calibrations. When calibrating a MI through two different methods, one being 
standardized, the validation of the method described in the calibration procedure is aimed. When calibrating 
a MI through one single method, but by two engineers or using two different standards, the confirmation of 
the staff proficiency is aimed.

For example, in the case of the pressure indicator RPM4 A350Ks BA100Ks from laboratory, calibrated at 
Metas, Switzerland in 2016 using a similar PG 7601 standard, owned by INM, Republic of Moldova, there 
were repeated the measurements at the same points, through the same method. Table 1 presents the 
measurements’ results.

figure 3. Real results obtained by laboratory of INM within the intercomparison Clab 11:2016
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Table 1. Values obtained from the calibration certificate no. 133–07555/2016, issued by METAS,  
Switzerland on 15.06.2016 and the replicated calibration no. 024–3.2/2016, issued by laboratory,  

INM on 07.09.2016
Conventional 

value, kPa
Readout, kPa Expanded uncertainty, kPa

En
METAS INM METAS INM

100 -0,002 -0,006 0,0050 0,06 0,08
125 -0,001 -0,014 0,0075 0,06 0,21
150 0,000 -0,010 0,0075 0,06 0,16
200 0,000 -0,013 0,0075 0,06 0,20
250 0,000 -0,013 0,0075 0,06 0,21
300 0,001 -0,007 0,0075 0,06 0,13
350 0,005 -0,008 0,0075 0,06 0,21

Due to the fact that the normalized errors are lower than 1,0 it was confirmed that the quality of measurements 
obtained using the pressure indicator RPM4 A350Ks BA100Ks, no. 920 and the weight piston manometer PG 
7601, no. 1263 are compatible with those reproduced by our colleagues from Switzerland, as well as the staff 
proficiency.

Transportation
This process has the purpose of immediate inspection of the MI before and after transportation, when 

the standard’s location is changed. This activity assures the lack of deviations from the normal status. The 
conditions that have to be fulfilled when moving a MI are, normally, described in instructions or manuals of 
the equipment, received from the manufacturer. In case these instructions are absent, the general safety rules, 
described in the MI technical manual, apply.

The general actions to be fulfilled when transporting mechanical and electronic pressure measurement 
devices are:

- The correctness of MI functioning when connecting and disconnecting it from the power source;
- The control of the presence of all parts of the equipment and their careful use (with special gloves, if 

necessary).
This micro-process is usually unpleasant for the engineers, because it implies a QMS monitoring also. But 

the inspection process of the MI status is very important, as it allows a quick reaction to the change of the 
standard’s normal status, and it can help the laboratory save on rejection costs.

figure 5. Calibration replicated performance flow chart
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Intermediate check
Intermediate check has the purpose of maintaining confidence in standards or in the equipment’s calibration 

condition. The confirmation or invalidation of the validity of the most recent calibration certificate of the 
standard is aimed.

This monitoring implies the inspection of the physical condition of the standard, equivalent to the control of 
the exterior aspect (lack of deviations from the previous condition). This control assures the confidence in the 
main technical/metrological characteristics of the standard.

Maintenance
Maintenance has the purpose of maintaining the functionality of the MI, by observing its behavior in real 

time of the standard and assuring its stability, through the performance of certain activities described by the 
manufacturer.

The real processes that represent the maintenance are:
- cleaning and/or washing surfaces of dust, oil, dirt (cleaning the oil is done with ethylic alcohol, on all parts 

of the equipment);
- monitoring the presence of lubricants, the satisfying level of liquids, gases or reference materials;
- changing the work environment;
- adjusting the zero reference, the verticality or other technical conditions;
- polishing metal surfaces;
- applying paint;
- eliminating/introducing a gas/liquid in the system;
- treating some surfaces with technical vaseline etc.

CONCluSIONS
The processes described in this article represent an example of observing the reliability of a standard’s 

results quality. Arranging the work processes for a standard is a difficult task, but very important. At first sight, 
they seem to be confusing, but after a deep and professional analysis, they can be arranged accordingly 
and logically. Once the processes are systematized, they stop being a discomfort for the engineer and are 
performed more efficient.

Based on the equipment from the laboratory, relevant examples were presented regarding the way 
processes, meant to assure measurement results quality, are realized and appreciated. But we have to take 
into account the fact that the given examples are not regulated by any standard, and represent the result of 
INM research. They can be used as starting point or best practice for the quality infrastructure laboratories that 
want to implement an efficient QMS.
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This paper analyzes the effectiveness of the quality system in the services sector, suggests ways to improve and 
enhance the quality of customer service on an example of a single organization. The methods of quality assurance 
for the enterprise in general and specifically are based on the methodology developed by the author for calculating 
the quality of services. The literature describes a number of ways to measure customer satisfaction, so I used the 
all known methods which are used in domestic and foreign practice to develop of recommendations to improve 
the quality of service in the resort. But, unfortunately, they do not cover all the required amount of information, so 
I proposed a method in which the known methods used, as well as the formula for the accurate assessment of the 
quality of service applied. This formula is first proposed to determine the quality of services provided, without a large 
number of calculations and analyzes. For this we introduce the variable X —  customer satisfaction, which means 
the ratio of consumers estimate obtained during the survey to guide the assessment, expressed in%. The smaller the 
determined value, the greater the discrepancy between the expectation of the organization and customer data.

The problem of the quality of service and customer satisfaction research is relevant and the relevance of the 
research areas is constantly increasing, which is determined by a number of factors that characterize modern 
markets, such as constantly increasing competition among suppliers and a high level of consumer awareness 
due to more available information about products and services. In addition, the development of the economy 
is moving towards increasing the service component in the total volume of produced goods, and employment.

To this day variety of methods evaluation of the quality of service is developed. Among them it is necessary 
to allocate five methods, which are conceptually and methodologically different from each other: the method 
of critical cases, SERQUAL method, SERVPERF method, INDSERV method Cano method.

The method of “critical cases’’ (critical incidents technique) is based on the empirical study of cases of 
interaction between the consumer and the representative of the service provider (employee of a service 
company). The criteria for classification of a service interaction to critical cases are the following:

- the presence of the interaction between the consumer and the employee of the service provider;
- significant case with the consumer’s point of view (a  very high degree of satisfaction / dissatisfaction, 

memorable customer);
The practice of the method manifests the lack of it —  the need for a long time in the collection and analysis 

of information on critical cases from consumers, which includes a description and assessment.
SERQUAL method. The need for a more formalized quality evaluation methods of service as compared to 

the methods of critical cases determined the appearance of SERVQUAL method [1].
A. Likert scale with seven intervals ranging from “Strongly Disagree” to “Strongly Agree”, by which the 

respondent has to give two assessments: their expectations and their perception of the service rendered to each 
service attribute is used for estimation. Dual rating is due to the fact that the method used the difference between 
the expectation of the customer and his perception to assess each attribute. SERVQUAL method was widespread in 
mind simplicity and clarity. However, use of the differences between consumer expectations and their perception 
of the (so-called “differentiated approach”) in evaluating the quality of service reduces the reliability of the data 
because of the psychometric properties of the measurement (interference consistently measured indicators) [2].

Based on the method SERVQUAL J. Cronin and S.eylorom was designed SERVPERF method (SERV of the service, 
(“Service”) by PERF and performance («performance of the action”), which means “the provision of services”). 
This method avoids the negative impact of the differential approach to the reliability of data obtained because of 
applying the method in connection with which the quality of service measurement procedure is excluded stage 
measuring consumer expectations. In other words, SERVPERF method only measures consumer perception of 
quality of the provided service. The author without changes with respect to the original method SERVQUAL used 
5 service quality measurements and the corresponding attribute 22 [3]. Attempts to use SERVQUAL and SERVPERF 
method for assessing the quality of service in the corporate sector have shown that these methods are arranged 
in such a way that take into account mainly the personal perception of service quality and not appreciated by the 
consumer companies. To solve this problem S. Gounarisom have developed a method INDSERV, which is based 
on two approaches to the study of the quality of service perceived by the consumer:

- consideration of the perceived quality of service as a final and independent indicator. This approach 
involves obtaining direct assessment of the perceived quality of the consumers by the survey;

- consideration of the perceived quality of service as a multi-level (hierarchical) indicator. As previously 
outlined methods generally considered attitude of the staff to the customers.
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But it is necessary to take into account the 
serviceability of equipment, the competitiveness of 
the organization, the ability of the company to enter 
the world market, and, of course, adjust the ratio of 
the working personnel to customers. First, you need 
to conduct a survey to customers and to guide, in 
order to understand what consumers are not satisfied, 
and they expect representatives of the management. 
Example used the questionnaire proposed in Table 1.

This method uses the following ratio: 50  %  —  
evaluation of the quality of personnel; 30  %  —  
equipping the organization with the necessary 
equipment; 20  %  —  the opinion of a third party 
not involved in the service process. This will allow 
evaluating objectively the possibility of the company 
and its competitiveness. Each organization interested 
in its further development, she has the right to 
determine the criteria according to which the survey 
will be conducted. The questions in the questionnaire 
developed by the author include the following 
indicators: tangibility (tools / equipment / tools / 
personnel necessary to accomplish this task); reliability 
(the client receives the desired results consistently over 
and over again); responsiveness (service provider  —  
friendly, fast and accurate); guarantee (the client is 
in the hands of competent performers); empathy 
(caring, the customer receives service and individual 
approach and attention), competitiveness (the survey 
is conducted outside the enterprise from bystanders).

After receiving the results of each indicator is assigned 
by a degree of validity. The maximum number is 10. The 

distribution of the degree of weight determined according to expert‘s skills in each case individually. In the course of this 
survey it is possible to identify shortcomings, because the denominator of the fraction of our formula will not be equal to 
10. Annex 1 shows an example of a questionnaire to fill in the sanatorium patients, where the research took place.

For decision-making, adopted based on intuition and experience of individual managers, academic, formalized 
management techniques, based on consideration of the formation used causation quality of products (Figure 1).

Picture 2 shows the results of the survey at a particular enterprise by the developed technique.
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Table1 The questionnaire  
for assessing the services quality

Picture 1. “Fishbone Diagram” Picture 2. Results of the questionnaire
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