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Approach to validation of calibration procedures based on a
process for estimating of measurement uncertainty
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190005, Russia, St.Petersbur, Moskovsky pr.,19
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Abstract

Many of calibration laboratories, regardless of their organizational and legal form, are
accredited to carry out calibration work. During accreditation, calibration laboratories are checked for
compliance with the requirements, specified in the document ISO/IEC 17025—2019 «General
requirements for the competence of testing and calibration laboratories», where in clause 7.2.2 it is
said about necessity to validate measurement methods. This requirement also applies to calibration
laboratories of national metrology institutes that support CMC’s (Calibration and Measurement
Capabilities) through participation in comparison of national measurement standards and
implementation of quality systems. At present, there is no document regulating the process of
validation of calibration procedures. With considering received experience, authors proposed an
approach to the validation of calibration procedures, related with estimating measurement
uncertainty algorithms. Analysis of calibration procedures VNIIM made it possible to single out
typical algorithms for validation of measurement procedure, which are supposed to be taken as a
basis for developing corresponding Recommendations.

Key words: validation of calibration procedures, calibration laboratories, measurement
uncertainty, algorithms of estimation, quality assurance, situation approach.

The relevance of the research and problem statement

COOMET National Metrology Institutes (NMIs) participate in the implementation of the mutual
recognition agreement CIPM MRA [1], where a necessary condition for confirming calibration capabilities
is participation in comparisons of national measurement standards and audit of measurement quality
systems at NMIs. When performing measurements in the framework of comparisons, the laboratory
follows a calibration procedure, which is verified by experts of external quality assessment. ISO/IEC
17025-2019 [2] specifies requirements for calibration laboratories, including the validation of methods
developed by laboratories. At the moment there is no normative document governing the process of
validation of calibration procedures.

There are several national and international normative documents describing the method
validation process. In particular, the EURACHEM guide [3], which applies to analytical measurement
methods. This recommendation clarifies the understanding of the validation process in general, but
validation process of calibration procedures has its specific features. Therefore, there is a need to create
a structured approach that would regulate the process of validation of Ml calibration procedures based on
their intended application.

Approach to problem solving
Each calibration procedure is unique, as it is developed to establish the individual metrological
characteristics of the MI. Calibration procedures include the formulation of a measurement model, choice
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of measurement standards and Ml (used for influence quantity control), justification of the method for
transferring a unit of quantity, processing of measurement results, estimation of uncertainty, etc.
Calibration procedures implement the calibration capabilities of the laboratory and meet the needs of the
calibration customer.

When developing a calibration procedure, establish:

determined metrological properties (MP) of calibrated instrument (performance characteristics);
target measurement uncertainty (if necessary);

measurement standards and measuring instruments (MI) used in calibration;

stages of measurement process;

algorithms for processing experimental data, estimating measurement uncertainty,

form of data reported and checking of compliance with the established requirements (if
necessary).

The documents [3,4] provide definitions of the concept of "validation". Based on them, it can be

concluded that the validation of a calibration procedures is a confirmation of the suitability of the
application of this procedure for the intended purposes through analysis and confirmation of the
compliance of the studied calibration procedure with the established requirements.

(1)
)

®3)

(4)
(5)

(6)
(7)

At the validation process the following requirements are checked:

the correspondence of the determined MP to the customer's requirements;

the correctness of the measurement method chosen, of requirements for the accuracy of the
measurement standards and auxiliary measuring instruments used, control of influence quantities
(at the stage of checking the choice of measurement standards and auxiliary measuring
instruments);

the choice of the number of calibration points over the range, the number of repeated
measurements, as well as control of the measurement conditions (at the stage of analyzing the
measurement experiment at calibration);

the correctness of the algorithm for data processing and the application of statistical criteria (at
the stage of data processing/analysis);

the correctness of the formulation of the measurement model, the estimation of the uncertainty of
the input quantities, the compilation of the uncertainty budget, the calculation of the expanded
uncertainty (at the stage of checking the correctness of the uncertainty estimation);

the correctness of the decision-making algorithm at the stage of checking compliance with the
established requirements;

the correctness of reporting of the calibration results in accordance with the customer's
requirements.

Based on the experience of validating calibration procedures at VNIIM, it can be stated that there

is a close relation between validation process and the process of measurement uncertainty evaluation.

This relationship is presented in Table 1. The left column indicates the steps in the calibration

procedure being validated, the right column indicates the uncertainty estimation steps associated with the
corresponding steps from the left column.

Table 1 - Relationship of uncertainty with stages of validation

Measured quantities / determinable MP. | Formulation of a measurement equation,

Unit transfer method determination of input and output quantities.
Sources of uncertainty and related Determination of input quantities.
guantitative uncertainty information. Standard uncertainty evaluation based on

information available.
Choice of absolute or relative form of recording
uncertainty.

Design of a measurement experiment Choice of the number of repeated measurements for
(planning to achieve target uncertainty). | type A evaluation (analysis of the ratio of

contributions by type A and B).
Uncertainty budget analysis.
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The choice of the coverage factor, k, depending on
the distribution law and the ratio of uncertainty
contributions.

The reporting of the calibration results The procedure of checking the compliance of the
and analysis of the algorithm used for calibration result with the established requirements,
checking of compliance. taking into account the uncertainty.

Through the analysis of the process of uncertainty estimation of the measurement result, a
comprehensive approach for analyzing the completeness and correctness of the calibration procedure
can be realized. This becomes possible due to the fact that when analyzing the correctness of the
estimation of the measurement uncertainty [5-7] the following items should be checked: the correctness
of the choice of the measurement standards and auxiliary measuring instruments, the conditions for the
calibration, the measurement model, the method of transferring the unit quantity and other factors
affecting the accuracy of the measurement results.

Thus, the process of analyzing the estimation uncertainty is core point in validating a calibration
procedure. Figure 1 illustrates a diagram that clearly shows the relationship of the measurement
uncertainty evaluation process with all the elements of the calibration procedure and the requirements
that determine the validation process.

. Uncertainty evaluation Elements of a
Requirements - .
process calibration
procedure
1.Measuring range 1. Unit transfer
2. Definition MP of MI b Measurement model < method |
3.Normative 2. Influence quantities|
documents l
The uncertainty estimating of input 3. Measurement
quantities — standards
4, Auxiliary M1
4. Target uncertainty  mfm——p

Uncertainty budget

(if required) 1 @

5. Requirements for == The criterion for compliance
.MP MI Gf required) with the MP requirements

Calibration result

Figure 1 - Relationship between uncertainty evaluation process and validation process of calibration
procedures

Research results

Experience shows that the process of validating calibration procedures can be reduced to typical
situations. These situations can be identified (classified) through various combinations of the following
elements, shown in Figure 2.
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multivalued measure Calibration curve

A way of expressi he uncertainty of quantities
[ 1. Relative ] 2. Absolute ]
L |

Estimating contributions to incertainty

1. Contributions of 2. Type B 3. Type A
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[ 1 Error / deviation / bias] [ 2 Value of measure / ] [ 3. Calibration coefficient / ]

Compliance check to accordance requi}wents

3. Calculating
2. A < Alim R 4. NOt
[ L A+U <Ay, ] U<1/3 A instrumental Y required

uncertainty

Figure 2 — Classification of algorithms for calibration procedure validation

Thus, we have many options when choosing a validation algorithm for a calibration procedure.
Each algorithm can be specified through a sequence of numbers. For example, {1224}, which means the
determination of the error {1} when calibrating a measuring instrument with the expression of the
uncertainty of the measurement result in absolute units {2}, where the dominant contributions to the total
uncertainty are those that were estimated by type B {2}, and checking of compliance with the established
requirements was not required {4}.

On the basis of the described approach, the developed and validated at VNIIM in the period from
2015 to 2020 calibration procedures were analyzed. The experience shows that there are some more
frequently used algorithms for validation. The results of such analysis are presenting in Figure 3, where
the most common algorithms for validating calibration procedures (more than 7% of the total number of
calibration procedures) are highlighted in red.
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Figure 3 - Analysis of the used validation algorithms for calibration procedures

Conclusions

The paper proposes an approach to the validation of calibration procedures based on the
processes of evaluating the measurement uncertainty during calibration and ensuring compliance with
customer requirements. Descriptions of typical situations, which are illustrated based on the experience
of validating calibrations at VNIIM, are given.

The results of the work are supposed to be used when updating the form of calibration procedure
validation protocol used at the VNIIM.

In the opinion of the authors, it seems possible to initiate a COOMET project on the development
of Recommendations for the validation of calibration procedures in case of interest of COOMET NMis.
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Abstract

The paper describes obtaining uncertainty estimates of measurements taking into account the
nonlinearity models using the example from item 9.3.1.1 of JCGM-S1 “Mass calibration”, which describes
the comparison in air of reference and calibrated weights having the same nominal mass. Uncertainty
evaluation procedures based on the GUM uncertainty framework and the Monte Carlo method are
compared in JCGM. The article uses the procedure developed by the authors and consists in
decomposing the measurement model into a Taylor series of the second order taking into account the
kurtosis of the distributions of input quantities. To find expanded uncertainty, the kurtosis method is used.
Good agreement between the results obtained by the proposed method and the result obtained by the
Monte Carlo method is shown.

Relevance of the work: consists in expanding the base of analytical methods for assessing
measurement uncertainty, taking into account the nonlinearity of the model and the laws of distribution of
input quantities, with obtaining a full budget of uncertainty.

Aim of work: Expansion and popularization of the theoretical foundations for assessing
measurement uncertainty by the method of excesses.

The developed method allows to obtain unbiased estimates of the measured quantity and its
uncertainty, to obtain a hollow uncertainty budget, taking into account the excesses of the distributions of
the input quantities.

Objectives of the work: It is necessary to obtain estimates of the measurement uncertainty
comparable with the estimates obtained by the Monte Carlo method using the example of the calibration
of a weight.

Weight calibration is carried out by comparing its mass with a reference weight having the same
mass using balance working in the air. Measurement uncertainty evaluating for this example is discussed
in regulatory document JCGM-S1, 9.3.1.1. [1]. In [1], the measurement uncertainty evaluation using the
methods of GUM [2] and Monte Carlo [3] is performed. At this, a significant bias in the measurement
uncertainty evaluation obtained using GUM is discovered.

The final model for deviation ém of conventional mass of calibrated weight from its nominal value

takes the form [1]:

(1- pa/pR)(l_paO/pW) —m
(L-p.o/Pr)d=P./Pw) o 1)
where Mg, - actual mass of the reference weight, 100 g;

dmpg - actual mass of small weight, added to equalize balance, 1,234 mg;
ParPao — air mass density, 1,2 kg/m?;
pw - mass density of calibrated weight, 8000 kg/m?;

om= (mR’c + SmR’c)
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Pr - mass density of reference weight, 8000 kg/m?;
Myem- NOMinal value, 100 g.

Calculated value for deviation &m of conventional mass of calibrated weight from its nominal
value is 1,234 mg.

Formula (1) gives an unbiased estimate of the numerical value of the measurand only in the
absence of uncertainties of input quantities.

For equation (1) the calculation of the bias for &m is performed by the formula:

A= —%[C(mR,c)zuz(mR,c) +0(BMg )7 (8Me ) +C(p,) o7 (Pa) + C(Pr) U (Pe) + C(Py )Py )]

where ¢(x;).— partial derivative of the second order of the measured quantity with respect to the
corresponding input quantity. ,

To make it easier to calculate the bias AC is convenient to use the method of partial increments
[4].

The expressions for c{x;). are given in Table 1. [7]. All of their values are zero.

Since the second-order partial derivatives of the measurand with respect to all input quantities
turned out to be equal to zero, the bias of the measurand numerical value will also be zero.

In the first approximation, the calculation of the standard uncertainty of the measurand is carried
out based on the equation:

U(Sm) = \/CZ (mR,c)uz(mR,c) + Cz (amR,c)uz(amR,c) + Cz (pa)uz(pa) + CZ(pR)UZ(pR) + CZ(pW)UZ(pW) (2)

where u(x;) and ¢(x;) — the standard uncertainty of the input quantity x; and the partial derivative of the
measurand with respect to this input quantity (sensitivity coefficient), respectively.

Expressions for ¢(x;) and their values are given in Table 2. [7].

For the above evaluations of input quantities, as well as for the standard uncertainty of the input

quantities specified in [1]: U(Mg.)=0,05 mg; UM )=002 mg; U(p,)=0,05774 kg/m®;

u(py ) =577,35 kg/m*; U(pg)=28,87 kg/m®, U(SM) = 0,05385 mg.

Formula (2) provides an unbiased estimate of the standard uncertainty of the measurand only in
the absence of uncertainties of the input quantities.

The calculation of the bias for u(6m) is made by the formula [5]:

A[uz(Sm)]=%{[C(pa)zu2(pa)]2[n(pa)+2]+[C(pR)2u2(pR)]2[n(pR)+2]+[C(pw)zuz(pw)]2[n(pw)+2]}+

HIC(8Mg ¢, )u (Mg JU(PR)T” +C(Me ., p,Ju(Me Ju(p,)I +[C(Me ..oy Ju(me Ju(py )T +
HLe(8Me ¢, pR)U(OM Ju(pe)]’ +e(8Me ., . )Ju(Bme Julp, ) +[c(8me ., py, Ju(dme Ju(py, )T +
HIe(pa pRIUPIUPR)T +[C(Pa P JU(P)U(PY)T + (PR, Py )u(PR)U(PY)T . )

where c(x;,x;) — second-order mixed partial derivatives of the measurand with respect to the
corresponding input quantities; 7(x; ) — kurtosis of input quantities.

Expressions for c(x;,x;) and their values are given in Table 4 [7].

To facilitate the calculation of mixed partial derivatives, it is convenient to use the method of
partial increments.
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For the above input quantities estimates and their standard uncertainties, as well as for kurtosis
corresponding to  the distributon laws of input quanties  n(m,_.)=n(dm; )=0;

n(p.) =n(p.) = n(p,, ) =-1,2, we obtain  A(U*)=0,00272 mg?

The unbiased estimate of the combined standard uncertainty calculated by the formula:

Uy (8m) = \Ju?(3m) + A(u?) . 4)

For the above values U(8M) and A(U?), we obtain U,(3M)=0,075 mg, which is very close to

the value calculated in [1] by the Monte Carlo method (0.0754 mg).

Since there is no bias of the measurand, this indicates that the nonlinearity of the model does not
introduce additional asymmetry into the distribution law of the measurand, therefore, to calculate the
expanded uncertainty, we can use the kurtosis method proposed by the authors [6].

In this case, the kurtosis of the measurand is calculated by the

. 1
formula: n(Sm) = 4—[n(mR,c)C4(mR,c)u4(mR,c) + n(st,c)C4 (SmR,c)u4(8mR,c) +

u”(dm)
4 4 4 4 4 4
+1(p.)C (P IU™(P.) +M(Pw )C™ (P U™ () +M(PR)C" (PRIU™ (PR) - )
For the above estimates of input quantities, standard uncertainties, and their kurtosis we have
Nn(dm)=o.
The value of the coverage factor for the probability of 0.95 is calculated by the formula [6]:

_ {0,10857]3 +0,In+1,96, mpu n < 0; (6)
%% 11,96, mpun > 0.
Sincen(6m) =0, we take K, o5 =1,96. In this caseU (6mM) =0,147 mg, which is very close to
the value obtained in [1] by the Monte Carlo method (0,148 mg).
The results are summarized in the uncertainty budget (Table 1).

Table 1 — Measurement uncertainty budget for weight calibration

X X; u(x) nx)| ¢ u;(y). mg | A;(y). mg | Afu;(y)]. mg
Mg, | 100000mg | 05 mg o | 1 0,05 0 0
dm 1,234 mg 0,02 m 0 1 0,02 0 0

R,c g

p, | L2kgm® | 005774kgm*® | -12 | © 0 0 0

Pr 8000 kg/m® 577,4 kg/m® 1,2 0 0 0 -0,0521

p, | 8000 ka/m® | 28 87kgim® | -1,2 | 0 0 0 0,0026

Y Yo uo(y) T](y) ko,gs U (y) Ay » Mg A[U(y)]

om 1,234 mg 0,077 mg 0 1,96 | 0,15, mg 0 0,0522, mg

In contrast to the usual uncertainty budget for the kurtosis method [6], two columns are added to
Table 1 that take into account the nonlinearity of the measurement model.

In the penultimate column of the budget A, (Y) - bias of the measurand caused by each i-th

input quantity; N — combined bias of the measurand. In the last column of the budget
Ay_Z:Ai(y)

i=l
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A[u, (y)] - bias of the standard uncertainty of the measurand caused by the i-th input quantity and the
combined bias A[u(Y)]=+/A[u?(y)] . which is calculated by the formula:

A= [S AL T )

The presence of additional columns makes it possible to obtain an unbiased estimate of the
measurand and its uncertainty in the nonlinear model equation.
Table 2 shows the analysis of the compared methods.

Table 2 — Comparison of results obtained by GUM, Monte-Carlo Method [1] and Excess Method
(7l

GUM Monte-Carlo method Excess Method
Standard uncertainty 0.053 0,0754 mg 0,0750 mg
Expanded uncertainty 0,106 0,148 0,147

Conclusion

1. In the example of estimating the measurement uncertainty when calibrating a weight, taking
into account the second-order partial derivatives of the measured quantity with respect to the
corresponding input it is possible to estimate the displacement of the numerical value of the measured
guantity due to the nonlinearity of the model.

2. It is shown that the nonlinearity of the measurement model in the example under consideration
leads to a bias in the estimate of the standard uncertainty of the measured quantity, which can be
eliminated by calculating the second-order mixed partial derivatives of the measured quantity from the
corresponding input quantities, taking into account the excesses of their distributions.

3. Application of the method of excesses made it possible to evaluate the expanded uncertainty
of the deviation of the conventional mass of the calibrated weight from its nominal value, taking into
account the distribution laws of the input quantities.

4. The validation of the developed methodology using the Monte Carlo procedure has shown its
suitability for the intended use. In contrast to the Monte Carlo method, the considered technique allows to
draw up a measurement uncertainty budget, which is a necessary element of the measurement
uncertainty estimation procedure.
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Abstract

With the revision of the International System of Units (SI) in 2019, where units were defined in
terms of fundamental physical constants, memristive devices coupling ionics with electronics represent
promising platforms for the realization of a quantum-based standard of resistance working at room
temperature, in air and without applying a magnetic field, differently from conventional resistance
standards based on the Quantum-Hall effect. By coupling ionics with electronics, the conductance levels
of these devices can be electrically controlled and programmed to be quantized in multiples in the
fundamental quantum of conductance G, = 2e%h. Since both the elementary charge and the Planck
constant are fixed in the revised Sl, the quantized conductance levels of memristive devices can be
exploited for the practical realization of a quantum-based standard of resistance. These devices, that can
be miniaturized down to the nanometer scale and are CMOS compatible, represent promising candidates
for the realization of a resistance standard for next-generation self-calibrating electrical systems with
zero-chain traceability, in the spirit of the revised SI.

The ratification of the revised International System of Units (SI) in 2019 represents an historic
revolution for metrology [1], since the seven base Sl units (second, meter, kilogram, ampere, kelvin,
mole, and candela) were defined in terms of seven fundamental constants of Nature (the hyperfine
transition frequency of the cesium 133 atom, the speed of light in vacuum, the Planck constant, the
elementary charge, the Boltzmann constant, the Avogadro constant, and the luminous efficacy of a
defined visible radiation). Since these seven constants were assigned to fixed values without uncertainty,
these constants have not to be measured anymore. It follows that each experiment that is able to
correlate a measurable quantity to a fundamental constant of nature or a combination of fundamental
constants is a direct realization of the corresponding Sl units. This means that the revised Sl lays the
foundations for the development of new experiments where the uncertainties associated to units are
related on the specific scientific/technical purpose.

Quantum effects such as the quantum Hall effect (QHE), the single electron transistor effect and the
Josephson effect are conventionally exploited for the practical realization of electrical units. However, the
working principles of these effects require cryogenic temperatures, vacuum conditions, and/or high
magnetic fields. This would require a laboratory environment, hindering on-chip implementation of these
devices as required in self-calibrating systems that can independently refer to the fundamental constants
of nature with zero-chain traceability. As a promising alternative, it has been demonstrated that
memristive devices can exhibit reproducible quantized conductance states multiples of the fundamental
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quantum of conductance at room temperature, in air and without applying a magnetic field [2].
Importantly, parasitic electrical parameters and operating/quiescent currents have the potential to be
optimized by a proper device design and through a rational choice of involved materials.

Memristors (i.e. resistors with memory) are two-terminal devices where the internal state of
resistance depends on the history of applied voltage and current [3]. The working principle is related to
the so-called resistive switching mechanism that imply a reconfiguration of atomic configuration and
nanoionic processes occurring in a metal-insulator-metal structure at the nanoscale [4]. An applied
voltage to an electrochemically active electrode (such as Ag or Cu) lead to redox reactions with
dissolution of metal atoms to form metal ions that subsequently migrates in the insulating layer driven by
the action of the applied electric field. The electrocrystallization of these ions is responsible for the
formation of a metallic conductive pathway termed “filament” that bridges the two electrodes. The
formation of this conductive filament turns the internal state of the device from an initial high resistance
state to a lower resistance state. This process is reversible, meaning that an applied voltage in the
opposite direction is responsible for retraction of metal atoms causing the formation of a gap in the
filament and turning the device state again to an high resistance state. A schematization of this process
is depicted in Figure la, where the hysteretic loop in the |-V plane represents the typical fingerprint of a
memristive device. Due the aforementioned characteristics together with the high scalability, fast
switching speed and possibility to program the internal state of resistance in an analogue fashion, these
devices have been proposed for the realization of memory devices and for next-generation in-memory
and neuromorphic computing architectures for overcoming the Von-Neumann computing bottleneck [5]-

[71.

If the size of the conductive filaments is shrinked down to the atomic scale, ballistic electron
transport through a constriction occurs in the so-called atomic-point contact (Figure 1b). In this
conduction regime, the device exhibits quantized conductance levels. Indeed, when the filament size is in
the order of the phase coherence length of electrons, the conductive pathway behaves as an electron
waveguides where ballistic transport occurs through discrete conduction channels. Each of these
channels contributes to the total device conductivity with a maximum of one fundamental quantum of
conductance G, = 2e?/h.
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Figure 1. Resistive switching phenomena in memristive devices and quantum conductance effects. a)
Working principle of a memristive device that rely on the formation/rupture of a conductive pathway upon
external electrical stimulation. b) Quantized conductance phenomena can be observed when the filament
size is scaled down to the atomic scale forming a quantum point contact.

After the seminal works of Terabe et al. that observed quantized conductance values in
memristive devices based on silver-sulfide [8], evidences of quantized conductance phenomena were
reported in a wide range of memristive cells [9]. In this framework, the key aspect is that the observation
of quantized phenomena relies on the accurate control of the filament size and morphology at the atomic
level by means of an appropriate external electrical device stimulation. Quantized effects can be
observed by applying a voltage sweep that induces dissolution and electromigration of ions with
consequent rearrangement of the atomic configuration of the atomic-sized conductive filament as
reported in ref. [9]. Also, quantized conductance levels can be observed by properly controlling the
kinetic of filament formation or dissolution by applying a positive voltage bias [10]. Moreover, quantized
conductance levels of the cells can be programmed by means of voltage pulses as reported in ref. [10],
where the device can be programmed into discrete multiples of G, depending on the voltage pulse
amplitude and polarity. Note also that memristive device programming with pulses down to the ns scale
have been demonstrated [11], thus paving the way for the realization of an high-speed programmable
standard of resistance.

It is important to remark that, due to the presence of parasitic resistances, the state-of-art of
memristive devices cannot compete with the precise quantization effects reported in resistance
standards based on quantum Hall effect where a relative uncertainty of few parts in 10° can be achieved
[12]. However, the main advantage of memristive devices is that the quantization effects can be
observed in much more relaxed experimental conditions since these devices can work not only in air but
also in harsh environment, in a wide range of temperatures (4—600 K) and without applying an external
magnetic field [2]. In addition, it should be remarked that by coupling a memristive resistance standard
with a voltage standard (for example based on the Josephson effect) represent a viable strategy for the
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practical realization of a current standard as indicated by the Bureau International des Poids et Mesures
[13]

To summarize, here we discuss the use of memristive devices as a viable solution for the
practical realization of a standard of resistance based on quantized conductance effects phenomena.
These devices, where the internal resistance state can be programmed depending on the external
electrical stimulation, can exhibit quantized conductance levels multiples of G, without applying a
magnetic field, in different ambient conditions and in a wide range of temperatures. For this reason,
together with high scalability down to the nanometer scale and CMOS compatibility, these devices are
particularly promising for the realization of a resistance standard implementable on-chip for nano
electronics as well as for space applications, high-end electronics and for the realization of embedded
self-calibrating electrical systems with traceability to the fundamental physical quantities, in the spirit of
the revised Sl
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Abstract

It is accepted worldwide to use electron microscopes as a measuring instrument of the highest
accuracy for measuring nanoparticle diameters and ensuring traceability. In particular, NIST uses the
electron microscope to ensure traceability, to which most of the produced standard samples of
nanoparticle diameters are traceable. However, the operation of an electron microscope requires large
financial expenses, and the preparation of a sample takes much effort and time.

The paper proposes and describes the possibility of using a nanomeasuring machine (NMM) with
an atomic force microscope as a measuring instrument of the highest accuracy, for measuring
nanoparticle diameters and ensuring traceability to international standards of the unit of length, while
maintaining the previously achieved metrological characteristics. The proposed method makes it possible
to carry out measurements in the lateral plane, to provide a quantitative assessment of the results on the
samples of particles of a sufficiently large size and to reduce the time for sample preparation.

The paper presents a method for generating and collecting nanoparticles on a substrate for
subsequent measurements. A measurement method is also proposed and described to ensure the
traceability of nanoparticle measurements. The budget of the uncertainty of measurements of
nanoparticles was calculated using an atomic force microscope based on the nanomeasuring machine
(NMM) in the vertical and lateral planes.

Main provisions for ensuring the traceability of nanoparticle measurements by microscopy

The size of nanoparticles is a basic parameter that affects the physicochemical properties of the
final nanotechnology product. In this regard, it is important to quickly and accurately control the
dimensional parameters of nanoparticles, which is impossible without ensuring the metrological
traceability of measurements of nanoparticle sizes. Due to the fact that nanoparticles have various
shapes, from a sphere to a polygonal element (Figure 1), a model in the form of a sphere was adopted to
analyze them and to determine the size characteristics, and for its dimensional analysis the concept of an
equivalent diameter of a spherical object - an object with the same physical properties as the measured
particle [1] -was introduced.
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Figure 1 - Examples of nanoparticle shapes

Also, given that the sizes of nanoparticles are random quantities, it is customary to display
information about them in the form of a distribution. By the distribution of particles we shall mean the
distribution of the number of particles depending on their sizes [2].

Thus, to ensure the metrological traceability of nanoparticle size measurements to the Sl units, it
is necessary to use spherical standard samples with normal particle size distribution (for example, PSL
polyurethane latex nanoparticles).

Before particles can be measured with a microscope, they should be dispersed and collected on
a substrate. Aerosol generators are used to disperse particles. The principle of their operation is that
compressed air is supplied to a solution of particles in a liquid, which results in the generation of
aerosols. However, it is impractical to use conventional aerosol generators for nanoparticles due to the
fact that besides particles aerosols contain multiple drops from the solution and a surfactant, so the
aerosol is nonhomogeneous.

The Electrospray aerosol generator is suitable for resolving this task. Electrospray is a method
used in mass spectrometry to obtain ions in the gas phase from a solution.

Then the disperse aerosol of nanoparticles should be turned into a monodisperse one. For this
purpose we propose to use an electrostatic classifier together with a nanoparticle differential mobility
analyzer. It allows generating a stream of monodisperse aerosol with particles of known size from the
incoming polydisperse aerosol.

The next step is to collect the dispersed nanoparticles for their subsequent measurement with a
microscope. A nanometric aerosol sampler, typically used for sampling of the aerosol, which was well
conditioned and positively charged, is suitable for this purpose. When particles are collected, their
measurement with a microscope can start.

All the above information can be presented in the form of a block diagram given in Figure 2.

Figure 2 - Block diagram of dispersion and collection of nanoparticles for measurements using
microscopy
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Measurement of nanoparticles by atomic force microscopy based on the nano-measuring
machine (NMM)

We are planning to carry out measurements of nanoparticles using a nanomeasuring machine
(NMM) with an atomic force microscope (hereinafter referred to as AFM) as a sensor. This configuration
of the equipment will allow exploring several options for nanoparticle measurements.

The first task to be resolved is to choose the density of particles deposited on the substrate,
which is suitable for accurate measurements, i.e. optimal concentration of particles per unit area. Since
the information about the particles is displayed as a distribution, it is necessary to collect a sufficient
array of data on the size of nanopatrticles.

We assume that due to the interaction of particles, processes can occur affecting the accuracy of
particle measurements. The most obvious problem is the agglomeration and deposition of particles in
several layers. Consequently, it is better to deposit particles with a low deposition density. The use of a
deposition electrode in a 9.5 mm nanometer sampler allows obtaining a sufficient array of data on the
particle size at a low deposition density and excluding agglomerates from measurements. The use of
NMM makes it possible to increase the AFM measurement range in the lateral plane up to 25 mm, which
enables the analysis of the entire area of deposition of nanoparticles.

The use of NMM with AFM makes it possible to implement two methods of nanoparticles size
measurement: measurement in the vertical and lateral planes.

When measuring particles in the vertical plane, the distance between the tip of a single particle
and the substrate is measured. There is an additional source of methodological error that affects the
measurement accuracy in this method of measurement: the roughness of the substrate. Accordingly, the
result of the nanoparticles size measurement can be represented as follows:

Y =X, + 8, +8, + 8, + 8y 1)

where ¥ is the results of measurements of nanopatrticles, nm;
X.is the arithmetic mean of AFM readings, nm;
&y, is the correction for the NMM resolution, nm;

&, is the correction for the standard gauge, nm;
dy: is the correction for the AFM noise level, nm;

dg if the correction for the substrate roughness, nm.
The characteristics of the input quantities are given in Table 1. The calculation of the
measurement uncertainty budget is given in Table 2.

Table 1

Input quantity Characteristic of the input quantity
&p- correction for the NMM resolution, Type of uncertainty evaluation - B
nm Type of distribution - rectangular
Evaluation value 0
The interval *a,, within which the value of the input quantity
lies, is determined by the NMM resolution. D =0,1 nm,
a, =0,5D = 0,05 nm
Standard uncertainty u(é; )= a,/ 3 = 0,03 nm
&,- correction for the standard gauge, Type of uncertainty - B
nm Type of distribution - normal
Evaluation value: 0 nm
Standard uncertainty u{&,)} = %

where Uy is the expanded uncertainty (k = 2, p = 95%)
The expanded measurement uncertainty U, nm, is given in the
gauge calibration certificate
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7, =0,013 nm
u(8,)="="=0,0065 nm
G- correction for the AFM noise level, Type of uncertainty evaluation - B
nm Type of distribution - rectangular

Evaluation value 0

The interval, within which the value of the input quantity lies, is
+a,, = 0,08nm

Standard uncertainty u(&z)= a, /+/3= 0,05 nm

&g- correction for the substrate Type of uncertainty evaluation - B

roughness, nm Type of distribution - rectangular

Evaluation value 0

The interval, within which the value of the input quantity lies, is
tag = 0,4 nm [3]

Standard uncertainty u(8g)= ag /+/3= 0,23 nm

Table 2

Type of . e Uncertaint Interest

qtljr;r:::;y :(/i?:wun? +r, nm unzgrtaint ;gﬁgg{:g% u(x), nm ngzf(')tr“gy contributio?: contributi
y ui(y) on, %
dp - 0,5 B Rectangular 0,03 1 0,03 1,60
Gy - 0,08 B Rectangular 0,05 1 0,05 0,09
Oy - 0,013 B Normal 0,007 1 0,007 4,44
g - 0,4 B Rectangular 0,23 1 0,23 93,88

Y - 0,24

Expanded uncertainty U=k-u¢(y) = 2:0,24 = 0,48 nm

When measuring nanoparticles in the lateral plane, the distance between two parallel straight
lines, which are tangent lines to two opposite edges of the particle, is measured. If measurements are
carried out only using AFM, then this method eliminates the impact of the substrate roughness and the
noise level of the probe on the measurement result, but the nonlinearity error of the AFM scanner
appears. However, due to the fact that measurements are carried out using the AFM installed on the
NMM, this error does not affect the measurements, since the movement of the AFM probe in the lateral
plane is performed by the NMM. So the result of measurement of nanoparticles can be represented as
follows:

Y=X,+3§,, )

roe ¥ is the results of measurements of nanoparticles, nm;
X, is the arithmetic mean of AFM readings, nm;
&,- is the correction for the NMM resolution, nm.

The characteristics of the input quantities are given in Table 3. The calculation of the
measurement uncertainty budget is given in Table 4.

Table 3
Input quantity Characteristic of the input quantity
&p- correction for the NMM resolution, Type of uncertainty evaluation - B
nm Type of distribution - rectangular

Evaluation value 0
The interval *a,, within which the value of the input quantity
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lies, is determined by the NMM resolution. D =0,1 nm,
a, =0,5D = 0,05 nm
Standard uncertainty u(é; )= a,/ 3 = 0,03 nm

&,- correction for the standard gauge, Type of uncertainty - B
nm Type of distribution - normal
Evaluation value: 0 nm

UM

Standard uncertainty u(é,} = =
where U7 is the expanded uncertainty (k = 2, p = 95%)
The expanded measurement uncertainty U;;, nm, is given in the

gauge calibration certificate

7, =0,013 nm
ul8,)= == = 0,0065 nm
Table 4
T f . e ncertain Inter
q:;l;?ml':;{ty Z?:wun? +r, nm unzgﬁz;nt ;;?ﬁsgi:g% u(x;), nm ngzts(')tr“gy cL:JonCt?ik;[ﬁti(;?\/ co;?ri%itti
y ui(y) on, %

Sp - 0,5 B Rectangular 0,03 1 0,03 94,84
Oy - 0,013 B Normal 0,007 1 0,007 5,16
Y - 0,03

Expanded uncertainty U=k-u¢(y) = 2:0,03 = 0,06 nm

These calculations are not final and they do not take into account the effect of repeatability of
NMM measurements, however, they lead to the conclusion that the nanoparticle size measurement in the
lateral plane will have a lower uncertainty value than the measurement in the vertical plane, and the use
of an AFM, installed on a NMM, eliminates the impact of the nonlinearity error of the AFM scanner on the
measurement results. Hence, due to the fact that the resolution of the NMM is comparable with electron
microscopes, it can be concluded that the use of a nanomeasuring machine (NMM) with an AFM as a
measuring instrument of the highest accuracy for measuring the diameters of nanoparticles and ensuring
the traceability of measurements to international standards of the length unit, realizing the determination
of the unit of length-meter by means of three stabilized HE-NE lasers installed on the X coordinate axes;
Y; Z, allows achievement of the accuracy no worse than when using electron microscopes, while
performing measurements in the lateral plane, providing a sufficiently large sample of particles and not
spending a lot of time on the preparation of the sample.

The result of this work is the creation of a basis for the production of standard samples of the
micro- and nanoparticles size and their certification in the territory of the Republic of Belarus, the
accuracy of which corresponds to the requirements of any standards used in the field of particle size
measurements.
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Abstract

Tight tolerances and accurate dimensions have become the reality of precision engineering,
especially when parts are assembled into mechanical system dimensions for which the reliability of
functions has to be proven by measurements. This paper presents the uncertainty analysis in commercial
coordinate measuring machine (CMM)-based Coordinate Metrology. Due to the operation of a CMM and
the fluctuations in an operating environment, temperature changes can occur for the workpiece and
measurement system, introducing significant errors into the measurement and lowering the accuracy and
precision. Uncertainty, as an integral part of every calibration and verification process, should be taken
into consideration. The conventional GUM-method cannot be applied to CMM measurements primarily
because of the lack of an analytical relationship between the input quantities and the measurement.
However, only a few assessment techniques are available to integrate this knowledge. This paper
presents the improved calibration uncertainty assessment technique for CMM based Coordinate
Metrology. Our findings have highlighted some practical issues related to the importance of maintaining
thermal equilibrium before the measurement. The authors concluded that the thermal influence as an
uncertainty contributor of CMM calibration process has a significant influence for this example.

Key words: Coordinate Measuring Machine, Coordinate Metrology, uncertainty, Quality Control,
thermal influence.

1. Introduction

High quality inspection performance is one of the major factors of evaluating the quality of products in
manufacturing. Single inspection tasks of a product are performed by commonly used (1D) inspection
measurement instruments, such as Vernier calipers, screw micrometers, and rulers. For more complex
inspection tasks, e.g., positional tolerances or repetitive measurements, conventional CMMs are used.
The ISO 10360-2:2001 [1] standard requires that all decisions regarding conformance to specifications
follow the rules listed in [2].
The main point of inspection is primarily related to ensuring compliance with the tolerance requirements
of dimensional properties.
Therefore the CMM should be calibrated in the same way it functions, which is the main requirement of
identity. Therefore, if a material standard is used at other temperatures, the calibration and the
verification are not necessarily valid, and additional uncertainty is present due to the unknown thermal
expansion coefficient. Consequently, this increases the total uncertainty budget [3]. Finally, because
CMMs are installed in a typical shop floor, the environmental temperatures may vary. In the experimental
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part of this research, only some major points were examined in order to pay special attention to thermal
influences. It should be noted that the definition of error in this research was based on the measurement
difference between a known value from the PTB and a measured value from a CMM. The PTB, which is
the German National Metrology Institute, is a higher federal authority research institute with scientific and
technical service tasks that is based in Braunschweig and Berlin.

A similarly uncertainty assessment approach for time-varying temperature environment is that of
reference [4]. However, it is inherently not suitable for ease up calculation method and still has not been
implemented of the calibration uncertainty for variety of workpieces. Another research [5] presented
uncertainty evaluation model (distance between a point and a plane defined by 3 points) enables
uncertainty evaluation for different measuring tasks. The limitation of this research is that the uncertainty
assessment technique would only be applicable to estimating the discussed cases of position and out-of-
plane parallelism of axes. In the research [6] authors make an analysis of the various elements to be
considered in the implementation uncertainty of circular features. Another research was conducted [7] to
compare two uncertainty combined methods based on Guide to the Expression of Uncertainty in
Measurement (GUM) with Monte Carlo method. The feasibility of the evaluation method has been
verified by measurement example of flatness. Conducted experiments show that precision significance of
uncertainty determined by GUM is unreliable, the expanded uncertainty increased by 11.1% compared
with actual situation. Task specific uncertainty assessment techniques are still up-to-date and
investigated by researchers [8-10]. However only a few uncertainty assessment techniques are available
for the specific points of the calibration of CMMs, including those mentioned above.

The objective of this research was to carry out a calibration procedure of a CMM and to present a more
sophisticated assessment technique to improve former research. We emphasized the importance of
temperature induced uncertainty and many of the situations where consideration of it would be most
useful, such as: 1) non-20°C temperature CMM error as an uncertainty contributor; 2) Machine
repeatability and reproducibility; 3) Temporal gradients; 4) Sampling strategies, i.e., the number and
location of points in the workpiece coordinate system.

2. Presentation of the problem and the chosen solution approach

In practice, the error induced due to thermal influences causes CMM components to expand and
bend. This error has a complex non-linear nature, which is why it is quite difficult to handle. Some of the
contributing components to the development of thermal errors are a) The distribution of the temperature
of a CMM influenced by external sources, b) the gradient of the temperature, c) uniform temperature
changes, and d) the material of a machine component and its thermal properties.

Initially, we discussed in a review paper [11] the importance of the uncertainty of measurement using
CMMs in the manufacturing industry. In a previous study [12], the state-of-the-art technique for the
assessment of uncertainty was described in detail. A case study of the hole distance measurement from
50 mm to 750 mm was used. The measurement results showed that the uncertainty under the improved
industrial conditions (lIC) was doubled compared to the low industrial conditions (LIC) (terminology
borrowed from ISO 230-9) [13]. Consequently, the thermal influence as an uncertainty component was
the most significant contributor to the last study. Since this paper describes the examination of the effect
of thermal fluctuations on the calibration uncertainty of CMM measurements, which are commonly used
instruments, it will be of interest to readers in the field of manufacturing.

3. Case study
3.1 Calibration object
The accuracy of the CMMs was tested by a hole-plate. This method is time- and cost-effective compared
to the use of lasers. Because of weight, elasticity and thermal problems ball plates cannot be simply
upscaled for the error mapping for CMMs. Therefore, in our case study the verification object was a hole-
plate with 52 holes. The serial number of the object was PTB 5.32-95/5. The measurand was made of
grey cast iron (a = 10.5 x 107°°C™"). The relative locations of the round holes contained in a common
plane were highly adapted for the verification of the CMMs. It should be noted that an artifact should be
measured with different orientations and locations in the CMM measurement range. This allows the
estimation of the CMM accuracy of length measurement. The verification process was performed without
compensation in order to compare our case study results with the calibration certificate of the PTB for the
same hole-plate.
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The experiments were performed with the use of a high accuracy machine, DEA GLOBAL Silver CMM
(with touch-trigger TESASTAR probes and High-Speed-Scanning Leitz sensors) manufactured by
Hexagon MI. The sensor type was chosen based on the application. The main machine properties were
a) Work volume: 1000 x 700 x 660 mm?®, and b) Specified volumetric accuracy: u = 1.4 pm + 3-10° L at
(20+1) °C, with L in units of mm. The conducted measurement process is illustrated in Figure 1.

CAD model of the hole

Figure 1: Coordinate measurement process to obtain geometric measurements.

3.2 Measurement conditions

An appropriate environmental condition is one of the key factors for experimentation because the
effects of environmental changes on machine accuracy are highly important. Air temperature, pressure,
humidity, and vibration all influence the length scales of a machine. Hence, it is recommended that a
CMM environment should be in line with high settings, representing “improved working conditions” [14].
In addition, in order to maintain the room temperature at a nearly constant level, as many heat sources
as possible were controlled.
For instance, 1) the room had indirect lighting to prevent shadows; 2) the measurement was completely
automated so that no human heat source needed to be present near the machine after the run began; 3)
thermocouples were placed at each axis on the machine. They were used to measure the thermal profile
of the machine as the experimental measurements are made to check on the actual thermal stability of
the machine frame; 4) generally, the machine was run through a warm-up cycle to assure that the
thermal equilibrium was reached before the measurement run began.

The environmental condition in the room was quite good over long periods of time, within 0.2°C,
but since the room was not separately thermostated, occasional temperature excursions might occur. A
human heat source might create a negative effect on the air temperature within 0.5°C, which was not
suitable to this kind of experiment. Therefore, we tried to eliminate operator interaction with the
experiment by creating a program in PC DMIS 2013 MR1 software. PC-DMIS is metrology CMM software
that is used to measure parts with all shapes, sizes, and tolerances, and it links Computer-Aided Design
(CAD) models with CMMs, as shown in Figure 1. Consequently, we conducted completely automated
measurements.
3.3 Verification method

In our case study, the adopted version of the procedure described in ISO 10360-2 [1] was used.
Experimental measurement was carried out at 52 reference points. Each of the measurements started at
the center of each hole (the CMM measured all three axes of each point) and the intersection length
between the hole centers. The errors measured during the uncertainty assessment with the calibrated
workpiece were used to determine the measurement uncertainties for the actual measurements. A
calibrated workpiece is a workpiece whose dimensions are known with high accuracy. The described
method utilized calibrated workpieces. Therefore, it took into account systematic measurement errors,
which simplified the process of proving traceability. Metrological traceability was essential to ensure that
the measurement results were repeatable, reproducible, and reliable regardless of the place where the
methods and instruments were implemented. The method mentioned above is reliable for the
determination of the measurement uncertainty. However, it is generally costly and time consuming [15].

In the experimental part, we conducted long-term measurements. They were normally started
after more than a six-hour working time of the CMM. However, short-term measurements were
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performed with a two-hour thermal relaxation time after each measurement. In addition, low and
improved industrial environments (borrowing terminology from ISO 230-9) were created and set.
Measurements were taken to evaluate the effect of the temperature deviation as a factor in calculating
the CMM uncertainty. It should be remarked upon that we tried to replicate medium industrial
environment for the LIC. Moreover, medium environmental conditions (MIC) were created, which was
another common environment that could be applied between the LIC and the I[IC. This aided
understanding of the thermal effects in a typical industry environment. The material temperature sensors
were located close to the X-axis, Y-axis, and Z-axis scales and on the surface of the measurand.
Moreover, there was no significant discrepancy in temperature for more than five days of testing. The
experimental settings for five repeated measurements are displayed in Table 1. To better understand the
thermal effect on the degree of uncertainty of the measurement result of CMM, we carried out
experiments with various parameters:

Table 1. Parameters of experiments

Parameters Low industrial | Long-term Short-term
conditions (ISO | measurements in | measurements in
230-9) improved industrial | medium industrial

conditions conditions

Temperature range 23+1.5°C 19+0.2°C 20.5+0.5°C

Measurement strategy Before rotating the | Before rotating the | After rotating the
workpiece 180° | workpiece 180° | workpiece 180°
degree degree degree

Average sensor measurements

of temperature gradient:

CMM structure 23.31+0.5°C 19.2+0.1°C 20.5+0.45°C

Workpiece 23.2+0.4°C 19.2+0.15°C 20+ 0.4°C

Probe 23.2+0.2 19.2 £+0.1 20 +0.4

4. Measurement results
The following diagrams (Figures 2—4) display the results of the measurements of the LIC, MIC, and IIC.
Figure 3 illustrates the measurement results under the LIC. The abscissa shows the number of sampling
points and the ordinate shows the error of the CMM in ym. Figure 2 illustrates the proof that the
environmental influence on the measurement was not negligible. The other pairs of diagrams illustrate
the MIC and IIC measurements, which were performed short term and long term, respectively.

Error [micron]

7891011121314

———ON AU e 12PU —em2PU —aedPM a5 AN
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Figure 2. Whole measurement results under the low industrial conditions
From Figure 2, it is clear that the measurement results under the LIC lacked accuracy because almost all
of the calibration points moved to 2-10°m.
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Figure 3. Whole measurement results under the MIC (short term)

Error [micron]

1000 AN == 1230PM  —w230PM =i 00PM =600 PM

Sample point number

Figure 4. Whole measurement results under the IIC (long term)

It is clear from Figures 2—4 that the measurements, which were conducted under the MIC and IIC, had
both precise accuracy and repeatability. However, it should be noted that first 20 minutes of the
measurements still had sharp resonances. The difference curves that were obtained for each
environmental condition under the 1IC were identical on the micrometer level for the temperature range
under consideration. They could be considered to have measurement durations that were independent
for this research.

4
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Figure 5. Average measurement results for each industrial condition: LIC, 1IC (long term), and MIC (short
term).

After comparing the data, the following observations were made. The difference between the
errors of the LIC and IIC in coordinates was within a range of 1.2:10° m. The difference between the
errors of the long-term 1IC and short-term MIC in coordinates was within a range of 2:10° m. The last
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difference was not significant due to a close temperature range with comparison between the LIC and IIC
data for which all of the measurement results moved by more than 1 micron. Figure 5 shows the residual
errors for each industrial condition.
The differences for each industrial condition are illustrated in Figure 5, which shows the average
measurement results between the LIC and IIC (long term) and the MIC (short term). In both cases (lIC
and MIC), the distance measurement errors (EL values) could not exceed the maximum permissible error
of the CMM. Despite the fact that the MIC (short term) measurements were conducted in higher
temperature ranges than the IIC (long term) measurements, the results of the MIC were almost the same
as those of the IIC. The reason for this might have been the heat emission from the CMM components,
which increased the error in the IIC (long term) measurement results. However, as shown by the graph,
the LIC had the highest rate of error compared to the other industrial conditions.

5. Improved CMM calibration uncertainty assessment technique

An improved version of the current level in assessing this calibration and verification uncertainty was
discussed, in some detail, in references [12, 16]. Task-specific experiments based on the identification of
residual errors using a hole plate standard were performed, and the authors concluded that thermal
fluctuations were a major source of uncertainty in the measurements. According to reference [16], the
main causes of uncertainty are a) machine uncertainty, b) thermally-induced uncertainty, and c) sampling
uncertainty (See Appendix).
Table 2. Uncertainty contributors for the hole plate measurement under various environmental conditions

Source Equation Result (1-10° m) | Result (1-10° m) | Result (1:10° m)
number under the LIC at | under the MIC at | under the IIC at

23.7°C 20.3°C 19.2°C

Machine

Um 3 0.9 0.9 0.9

S 4 0.92 0.98 0.91

u, 5 0.13 0.14 0.13

Ur 6 0.93 0.98 0.89

UU. 7 1.6 1.65 1.56

Sampling us 8 0.36 0.04 0.03

Thermal

UNEsg 10 0.02 0.002 0.005

UNEw 10 0.11 0.013 0.016

LUTMg 11 0.05 0.014 0.01

LUTMy 11 0.26 0.1 0.07

ur 9 0.29 0.1 0.07

Combined

uncertainty u, 1 1.69 1.65 1.56

Expanded

uncertainty U (k=2) | 2 3.4 3.3 3.1

Based on the results obtained (Table 2), there were several inferences: 1) the result of the
proposed method was within the acceptable uncertainty tolerance of the CMM measurement. 2) the total
uncertainty of the measurement result under the LIC was higher than the uncertainties obtained under
other industrial conditions; 3) the main part of the uncertainty component was associated with the CMM
accuracy and the repeatability; 4) each component of the total thermal uncertainty was doubled in
comparison to other environmental conditions.

Following the obtained results from both research studies [11,12] for the case study, it was evident
that the main sources of measurement uncertainty included the CMM error, sampling uncertainty, and
thermal influence. Disregarding the uncertainty component associated with the Maximum Permissible
Indication Error (EL, MPE), which was mainly related to CMM errors, one could conclude that the
environmental impact was the main contributing factor to the uncertainty, and it completely dominated the
overall uncertainty budget for the given study. Additionally, the dispersion of the gradient of the
temperature by the X, Y, and Z axes of the CMM and the workpiece could be a significant issue.
However, other thermal influences related aspects also needed to be considered. In this regard, the best
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solution was to compensate for the thermal error with the control of the heat fluxes into the system. Thus,
it would be possible to compensate for the error by means of the controlled relative motion in the frame
[14]. Even with precise temperature-controlled rooms and compensation systems, when it came to long
length calibrations, the main contributor of the uncertainty budget was still related to the thermal
influences of the internal heat sources of the machine [3].

6. Conclusion

The proposed improved uncertainty assessment technique was suitable for the estimation of
calibration and verification uncertainty of the CMM for the given study. The main issues for the calibration
uncertainty of Coordinate Metrology were discussed, and some specific points were identified for further
improvement. The solution, as the calibration and verification uncertainty technique, was given to fulfill a
number of issues related to the time-varying temperature environment and machine repeatability that
would normally be considered in a calibration and verification uncertainty analysis. The proposed
technigue was experimentally proved in the technical base of the National Scientific Centre “Institute of
Metrology,” Ukraine.

Thermal contributions to the overall performance of a CMM can be the single most influential part of
the error budget. Additionally, the performance of the precision of a CMM is often dictated by thermal
stability. The main reason for this is the number of different materials and interfaces found in a
mechanical design. The mechanical properties of independent materials such as thermal expansion
coefficients and mechanical joints can cause stress distributions to arise as a system reacts to thermal
changes. That is why the mechanism to distort, grow, or contract with the temperature changes with time
[15].

An analysis of the calibration of the CMM dependent upon the ambient thermal environment in which
it operated was attempted. Therefore it is critical that the approach to estimating uncertainty is well
defined and unilaterally applied. This is especially true in the context of measurements in workshops
where temperature is difficult to control.

Eliminating thermal errors can be one of the most difficult aspects of any precision design. It should
be noted that there are three general mechanisms [14] for heat transfer that are all relevant to precision
machine design. A thermal error can be considered a systematic error that can be corrected, while
temperatures are recorded and used by the software. However, this is an (unknown) bias error for the
case of the correction system being incompatible for use with thermometer data.
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Abstract

According to documentary standards for the performance evaluation of Laser Trackers (LT), long
length reference artifacts are required. We will discuss the design, construction, and calibration of a long
length artifact called step gauge of nests (SGN). The SGN has several nests in line to place the LT
probe; the two extreme nests of the SGN are at 3 m approximately. However, for long gauges, factors
like gravitational force, fixturing forces, change in the environmental conditions, among others, deforms
the gauge, and its length changes when its orientation changes. To evaluate these factors, in the design
stage, we employ finite element simulation of the SGN to predict such deformations (mainly length
variations between the two extreme nests). The simulation considers the used material, its stiffness,
straightness, distribution of the nest's weight, and geometry's change of the SGN to reduce the variations
in its length. The results of the finite element simulation show a length variation of around 20 ppm
between the horizontal and vertical SGN positions. That variation was validated with the calibration
results using two different methods. The line of sight (LOS) method, which involves the same LT under
evaluation and the Overlap method which uses an accurate CMM.

1. Introduction

The present work describes the design, construction, and calibration of the reference length that
CENAM (the National Metrology Institute (NMI) of Mexico) uses for the performance evaluation of Laser
Trackers (LTs). The use of LTs has been growing in Mexico and around the world, thus there is
increasing demand for metrological support from our NMI perform the corresponding Proficiency Tests.
The work described in this paper addresses this critical need.

The performance is evaluated according to written standards such as ASME B89.4.19 [1], ISO 10360-

10 [2], and VDI/VDE 2617-Part 10 [3], which test the instruments to meet their Maximum Permissible
Error (MPE) specified by the manufacturer.
According to [1], the performance evaluation of LTs requires a calibrated length of at least 2.3 m. For this
reason, the gauge presented here has several nests where the LT probe (SMR) may be fixed so that two
positions are at an approximate distance of 3 m. There are other nests between the two extreme nests to
help with the calibration process and allow to establish shorter reference lengths. We will refer to this
calibration artifact a Step Gauge of Nests (SGN).

According to Sawyer et al. [4], the design, construction, and calibration of such a long scale bar
create challenges for manufacturers, as well as for customers of these scale bars. The main challenge is
that the length of a long-scale bar will suffer a significant change in dimension at different orientations
and over time. These changes come among others from its material, how it was designed, the structural
bending under gravity loading, fixturing forces, and atmospheric changes. To solve these challenges, in
the design stage of our SGN, we use a CAD model and finite element simulation to predict such length
variations between the two extreme nests. The simulation considers the material, its stiffness, and
straightness so as to reduce the length variations by determining support locations for the SGN and
changing the weights distribution of the spherically mounted retroreflector (SMR) nests.

In the construction stage, we describe how the SGN was manufactured and how using high
module carbon fiber with a low thermal expansion coefficient (CTE), we reduce the variation in the length
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coming from environmental factors like temperature. The finite element simulation shows a variation in
the length of around 20 ppm in the two extreme nests between the horizontal and vertical SGN positions.
Such variation was validated with the calibration results using two calibration methods. The first method
is the overlap with CMM introduced by Icasio-Hernandez et. al. [5] which uses the intermediate nests and
the second method is the Line of Sight (LOS) method, which uses an LT, see Wang et al. [6].

2. Design, construction, and calibration of SGN

2.1. Design stage

The main parts of the SGN are:

Nests — the nests serve to hold the LT probe, the SMR, using a magnet to ensure repeatability during the
measurement. The nests are made of steel. Steps — this piece works as a connection between the
carbon fiber bars and the nests. The step is also made of steel. Carbon fiber bars — are the SGN body.
The distance between every step is determined by holes positioned in the bars. The SGN body material
is a high module carbon fiber with unidirectional fibers with CTE of around 0.3 ppm per 1 °C. Because
the SGN must be calibrated on a CMM, it was designed to be placed in such a way that there are always
two nests that define a length of 1 m. There are additional nests between these nests to allow
overlapping. The labels at the top of Fig. 1 shows the main parts of the SGN.

The parts to support the SGN are shown with labels at the bottom of Fig. 1; the components are: Points
of support —are the parts that are in contact with a stand. Based on simulation studies, we choose the
Bessel points of the length of the carbon fiber pipe to minimize the transmission of deformation to the
SGN. Carbon fiber pipe — is the main part of the support. It works as a filter, absorbing the external loads,
to attenuate them as they reach the step gauge. It is made of carbon fiber with crossed fibers. Holders —
these are the contacts between the support parts and the SGN body through O-rings. Considering that X-
axis is along the length of the SGN, these block the Y and Z movement and allow expansion along the X-
axis.

The finite element simulation allows us to visualize the deformation behavior of the SGN in the
different orientations proposed by the documentary standard [1]. With the simulation, we define the
location and number of holders that are needed to reduce variation in the length between the extreme
nests.

Extreme nests

Carbon fiber bars Nests in ste
ps

\ 5
Carbon fiber pipe P\oil’\ts of SUPP"“
Fig. 1. Components of the step gauge of nest.

2.2 Construction

The main challenge in the construction of the SGN was how to make that the holes in the two
carbon fiber bars as coincident as possible. The carbon fiber bars, and the carbon fiber pipe were
acquired from an external provider. The rest of the components were designed and built at CENAM.
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Fig. 2.- Milling machine making the holes on the carbon fiber bars.

The short axis travel of the milling machine did not allow us to drill the carbon fibers bars along its
entire length and both fibers at the same time. Therefore, to drill the holes, we had to use an LT to
establish the position of the corresponding holes on both bars of the SGN. The holes were made, as
shown in Fig. 2. We drill a hole in one extreme of the bar to set a temporary nest. We place the LT SMR
on that nest to help identify the position of the hole in the bar. The leveling bar helps to control the
rotation between each hole and keep them aligned. We fix the pins of the steps into the holes in the bars
using Araldite 20/20 glue.

2.3 Calibration

For the overlap method, we use a calibrated Mitutoyo Legex CMM model 9106. It has a range of
motion of 1000 mm, 900 mm and 600 mm in its X, Y and Z axis respectively, with an MPE of + (0.28 + 1
L/m) um. For the LT line of sight method (LOS) method, we employed a calibrated Leica AT901-B LT
with MPEs of £ (0.4 + 0.3 L/m) um for range, and + (15 + 6 L/m) um for angles. The SGN design allows
using four nests for overlap inside the CMM interval. According to [5], four elements are enough to
establish the link between two segments to stitch together longer lengths. We measure the SGN in four
sections setting a solid steel sphere of 1.5 in diameter on the nests every time we want to measure a
nest. The spheres fulfill the function of the LT SMR.
Fig. 3 left shows the calibration of the SGN with CMM, a steel rail bar serves as support for the SGN and
its structural base. To measure every section of the SGN, we translated the array of components on the
table.

4

LT using the LOS method.

Fig. 3.- CMM calibrating the SGN using the overlap method and

The LOS method using LT interferometer is the second method used to calibrate the SGN, see
Fig. 3 right. The figure show that we set the LT in line with the center of the SMR on the nests of the
SGN. For misalignment error reduction, we must minimize the angular errors, see Muralikrishnan et al.
[7], and Loser et al. [8]. The reference length is the distance between nests 1 and 14. If the line
describing these two points is collinear with the LT laser beam, all the mechanical errors of the LT no

IX International Competition of COOMET “The Best Young Metrologist”

21-22 April 2021, ONLINE




longer influence the measurement, then only interferometer (IFM) errors are present. According to Wang
et al. [6], we must ensure that the differences among the measured horizontal/vertical angles between
nests 1 and 14 are less than 0.05°, through manual adjustment. We must clarify that this method is more
versatile than the overlap method because unlike the overlap method where only the horizontal position
of the SGN can be measured, the LOS method allows us to measure the SGN in any position and
orientation by placing a mirror between the LT and the SGN in such a way that the IFM of the LT is
aligned along the line joining the nests.

3. Results and uncertainty evaluation

3.1 Uncertainty evaluation

We use two methods for the calibration of the SGN. We show the uncertainty in the length for
both methods.

Overlap Method LOS method
Workpiece calibration, u(cal) B 0.0004 Optical Alignment, Interferometer B 0.001
Uncertainty, and angular encoders, u(L)
Measurement procedure, u(p) A 0.0002 Repeatability of Nests A 0.002
Systematic error, u(b) 0.0007 Gravity Loading, u(G) B 0.002
Material and manufacturing AoB | 0.0049 Retroreflector, u(R) B 0.001
variations, u(w)
Combined uncertainty, uc 0.0049 Artifact Temperature, u(T) B 0.002
Expanded uncertainty, U 0.010 Length Stability During Testing Time, B 0.001
(k=2) u(s)
Combined Uncertainty, uc 0.004
Expanded Uncertainty, U (k=2) 0.008

Table 1.- Uncertainty budgets for both methods

The uncertainty budget considered for the calibration using the overlap is based on the standard
ISO 15530:3 2011 [9]. A description of uncertainty's components for LOS method can be found in [10].
According with table 1, the LOS method has lower uncertainty than the overlap method, but both are
close to the required uncertainty considering the LT MPE and the rule established in [1] that the
uncertainty must be no more than a quarter of the MPE.

3.2 Calibration results

According to section 2.2, the holes were drilled with a drilling machine and an LT, the straightness
value found during calibration was 0.51 mm, which is not large considering the employed technique.
Table 2 shows the length result between the two extreme nests of the SGN using CMM with the overlap
method [5], LT measurements using the LOS method [6], and finite element simulation. The CMM result
works as validation of the measurements with LT interferometry using the LOS method. The LT results
and the simulation results are similar, showing compression of the SGN between horizontal and vertical
positions. These two represent the deformation (variation in the length) expected by simulation and the
real deformation between horizontal and vertical position. The results show a difference between the
CMM and LT in the horizontal position. Considering the uncertainties of both methods and taking the LT
method as a reference, we found a normalized error of 0.8. If NE is less than 1, then there is a correlation
between the results. Then the measurement of the LT is validated with the CMM and vice versa.

U Finite
k=2 k=2 element
Horizontal (mm) | 2940.143 2940.153 2940.023
45° (mm) No info. 2940.144 | 0.008 No info.

Vertical (mm) No info. 2940.132 | 0.008 2940.003

Table 2.- Calibration Results
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4. Discussions and conclusions

In this paper, we have described the design, construction, and calibration stages of a long length
artifact for the performance evaluation of LT under different documentary standards [1-3]. The
construction of a long length artifact is not an easy task. The 21 ym compression of the SGN that we
found between horizontal and vertical positions was expected but not desired. We verified this difference
from a lot of measurements, and these differences remain. It is important to avoid variation in the length
when a gauge is designed, but if there is a method for the calibration of the length at different
orientations, the problem is reduced. We believe that our current design has a problem in that the nests
of the SGN are not on the neutral axis between the two carbon fiber bars, and the slice of the SGN isn't
enough to absorb the deformation in the Z-axis. The next design will take this problem into consideration
to see if we can reduce that compression. The LOS method for calibration of long length artifacts
described here shows that it is a valid method for evaluation of the length. LOS method was validated
using the overlap method with a CMM. Unfortunately, it was not validated in straightness; in the future,
we are planning to do the validations of straightness (Y, Z, coordinates) using a large CMM. Also, the
evaluated uncertainty of the calibrated distance is inside the one-quarter of the MPE, if we consider a
distance measurement of 3 m from the LT. In the case of new LTs with only ADM, the range accuracy of
such devices could represent a problem. This problem was solved by designing an SGN with extra
targets and using the overlap method, and a CMM. Finally, we conclude that the construction of a long
dimensional gauge is possible. In the future, we are planning the redesign of our SGN looking for
construction schemes that could reduce deformations and explore other methods for calibration.
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Abstract

A critical analysis of literature related the current state of the world system of metrological support
for measurements in the low-flow range is presented. A hydraulic diagram of the standard and a program
of research of metrological characteristics were developed. The equipment of the main modules of the
standard was installed. The main sources of uncertainty of the standard were determined. The main
sources of uncertainty characteristic of the low flow range were estimated. Physical modeling of the
process of liquid evaporation from the weighing container was performed, and methods of minimizing this
source of uncertainty for the metrological characteristics of the standard in the conditions of a
multifactorial experiment were determined.

1. Introduction

The need to study the metrological characteristics of measuring instruments in the flow range from
10® to 102 t/h (m3¥h) (low flow range) is accounted for by the urgent needs of various sectors of the
economy: pharmaceuticals, medicine, chemical, food and oil industries, mechanical engineering.

A significant contribution to the issue of improving the metrological infrastructure, in the period from
2010 to 2020, was provided out by foreign national research centers in Germany, Portugal, France, the
Czech Republic, Denmark, Switzerland, Great Britain, and the Netherlands. Currently, the European
Union is implementing a joint research project - "Metrology for Drug Delivery 11". This project is aimed at
improving the accuracy of measuring instruments for units of quantity and flow rate, operating in the
range of low flow rates, in existing drug delivery devices.

The creation of a full-scale metrological infrastructure in the Russian Federation covering the
transfer of units of volume and mass of liquid in a stream, volumetric and mass flow rates in the range
from 10° to 102 t/h (m®h), is due to the appearance of a large number of measuring instruments on the
market, which are applied in the specified flow range.

2. Review of the experience of operating national primary standards

A review of literary sources [1-6, etc.] and the experience of foreign national research centers in
the creation and operation of standards for units of mass and volume of liquid in a stream, mass and
volumetric liquid flow rate in the range of low flow rates [7-15, etc.] determined the basic technical
solutions of the modules, allowing to create a state primary special standard with the necessary
metrological and technical characteristics. The forced pressure flow of a liquid stream in the standards is
created in various ways: by displacing the previously prepared liquid from the expansion tank with a
membrane by air with excess pressure; using pumps; by squeezing out of syringes (provers); using a
hydrostatic liquid column. The standard includes a balance of accuracy class |, connected to a computer
via digital interfaces, which makes it possible to record each mass value obtained in real time with a
dynamic model of measuring units. To neutralize the effect of water evaporation from the weighing
container during the measurement process, it is recommended to use evaporation traps in the weighing
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zone [7], create a layer of highly viscous liquid, such as oil, above the liquid layer in the weighing
container [16]. Liquid from the capillary tube flows into the weighing container onto a porous glass filter
[7], or the outlet section of the capillary tube is arranged below the water level in the weighing container
[16], and if the outlet section of the capillary tube is located above the water level in the weighing
container, a sprinkler is used to minimize the effect of the jet on balance readings [17].

Ensuring the reliability of the estimation of flow rate values and the amount of water in a stream in
the range of low flow rates is a difficult task due to the need to control and manage a large number of
influencing factors, including the human factor. The implementation of optimal technical solutions in the
design of a standard determines the level of its metrological characteristics.

The purpose of this work: improvement of the system of metrological support of means and
systems for measuring the flow rate and amount of liquid in the low flow range.

Tasks: 1) perform a critical review of the experience of operating foreign standards in the low flow
range; 2) develop a hydraulic diagram of the primary standard and a program of research of metrological
characteristics; 3) install the equipment for the main modules of the standard; 4) identify the sources of
uncertainty; 5) develop new technical solutions to minimize the main sources of uncertainty.

3. Instrumentation

The best design solutions and algorithms of operation described in [7-14] formed the basis for the
development of a hydraulic schematic diagram of the standard (Figure 1), which made it possible to
ensure the smallest values of uncertainty. The standard consists of three hydraulic lines, made according
to the same design scheme, which makes it possible to implement a direct method of dynamic weighing
of the mass of distilled water (hereinafter — water).
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Figure 1 — Simplified schematic diagram of the measuring line of the standard:
B — balance; WT — work-table; SMR — flow measurement and control system;
Dg — degasser; PT1 — PT4 — pressure transducer; TT1 — TT2 — temperature transducer; DT — drainage
tank; V1 — V6 — manual valve; MV1 — MV4 — electric valve;
C — compressor unit; T — expansion tank with a membrane; RD — reducer;
F — water purification system filter.

In terms of the operating principle, the standard represents a conditionally open hydraulic circuit.
Water in the expansion tank with a membrane separating it from the air is displaced by excess air
pressure created by the compressor unit. Each measuring line is equipped with high-precision
instruments for measuring the temperature and pressure of the measured medium, as well as devices for
mounting the investigated (calibrated, verified) measuring instruments into the standard hydraulic line
(Figure 2). The flow rate setpoint is reached through the operation of the flow measurement and control
system, which consists of a Coriolis flow meter and an electrical valve located in a control loop with
feedback. After passing through the hydraulic path, water is fed into a weighing container installed on the
balance. Electric valves provide flow switching functions as well as overflow protection of the weighing
container. In order to protect the equipment from clogging and breakdown, filter elements with a pore
size of 2 microns or higher are installed in the hydraulic lines of the standard.
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Figu_r-e 2-— Appearaﬁce of the standard }

When measuring the mass of liquid, the temperature of distilled water in the weighing container is
determined. These values are used to introduce a correction for air buoyancy. When measuring the
volume of liquid in a stream and the volumetric flow rate in the measuring path, the pressure and
temperature of distilled water passing through the measuring line are additionally measured at the time of
measurements. These values are used to determine the density of water corresponding to the conditions
in the measuring line.

4. Main sources of uncertainty

The main sources of uncertainty, identified for the dynamic measurement model, affecting the
metrological characteristics of the standard (see Fig. 1):

— uncertainties of mass measurement: calibration uncertainty, time and temperature drift,
repeatability, linearity and reproducibility of balance readings;

— uncertainties caused by measurements of the density of air, distilled water, corrections for air
buoyancy;

— uncertainties caused by geometric changes in pipes and valves;

— uncertainties caused by measurements of time intervals and synchronization;

— uncertainties caused by water evaporation from the weighing tank;

— uncertainties caused by the surface tension coefficient of water in the weighing container.

In evaluating the above sources of uncertainty, particular attention should be paid to water
evaporation and liquid surface tension, as these are the sources of greatest contribution to standard’s
uncertainty budget.

5. Assessment of the main sources of uncertainty typical for the low flow rate range

Studies have shown that water evaporation from a weighing container can contribute up to 0.6% to
the uncertainty budget, which is 12 times higher than the target value of the uncertainty of reproductions
and transfer of units from the standard to measuring instruments. The formation of oil film on the water
surface in the weighing container excludes water evaporation, but the effect of the surface tension
coefficient increases to 0.016% [16], which is approximately 30% of the target value of the standard’s
uncertainty.

In order to reduce the impact of the above sources of uncertainty, new design solutions in the
implementation of the standard are being developed and researched. A program of research of all
sources of uncertainty affecting the metrological characteristics of the standard was developed.

Studies of the metrological characteristics of the balance were carried out (the uncertainty caused
by balance readings contributes from 5 to 10% of the target value of the standard’s uncertainty), the
requirements for the operating conditions were determined, which would allow obtaining the lowest
values of measurement uncertainty. The influence of free and forced convective air streams in the
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standard’s room on the metrological characteristics of the balance was determined. Technical solutions
were developed to achieve the necessary operating conditions in the standard’s room, and separately for
the location of the balance. A distributed air supply system with the required values of temperature and
relative humidity of air in the standard’s room was designed. The design of the module for stabilizing the
ambient conditions in the vicinity of the balance was developed and implemented. This module includes
a laboratory cabinet with installed measuring instruments for ambient conditions measurements and
equipment for maintaining relative humidity.

6. Conclision

1) A critical review of design solutions, algorithms of operation and experience of operating foreign
standards in the low flow range was performed; 2) a hydraulic diagram of the standard and a program of
research of metrological characteristics were developed; 3) the equipment of the main modules of the
standard was installed; 4) the sources of uncertainty affecting the metrological characteristics of the
standard based on a dynamic model of measuring units were determined; 5) new technical solutions to
minimize the main sources of uncertainty were identified.
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Abstract

It is challenging to calibrate hardness reference blocks in compliance with the prevailing
standards without performing time-consuming pre-measurements. A new method developed at the PTB
uses data obtained during the preload phase of a Rockwell hardness measurement to automate the test
cycle and thereby eliminates the need for pre-measurements. The new approach accelerates the overall
calibration process and increases the user-friendliness of the Rockwell hardness testing equipment. This
report gives an overview of the developed method.

1. Introduction

The Rockwell hardness test is one of the most popular methods to characterize the hardness of
metals. Despite being an empirical indentation test, it has established itself in the field of material testing
due to its simplistic testing principle. Furthermore, the test is attractive because of the speed of operation,
low-cost and non-destructive nature of testing. However, a strict compliance with the regulations of the
standard is necessary to obtain meaningful measurement results with low measurement uncertainty [1].
The procedure for performing a Rockwell hardness test is described in the 1SO standard 6508 [2].
Amongst other parameters, the norm defines the loading rate, hold time and indenter geometry.

Certified reference blocks play a key role in ensuring the traceability of the measurement and are
widely used by end-users to test their instruments. Hence, its calibration has been standardized in a
separate part of the same standard with considerably stricter requirements. The 1SO 6508-3 sets the
loading time of the additional test force and the indentation speed during the final stage of the indentation
process (between 80 % and 99 % of the total test force). However, it does not define the indentation
speed during the initial stages, i.e. between 0 % and 80 % of the total test force, making the compliance
with the standard extremely difficult. Thus, up until the automation, multiple pre-measurements were
required to ensure a compliance with the standard.

2. Basic Principle

The initial indentation speed needs to be set depending on the hardness of the tested material.
Fig. 1 shows the section of the depth vs. time curve during the additional load application and its holding
time for two materials with different hardness values. It is clear that the initial indentation speed varies
with the hardness of the material because the final indentation speed and the total loading time have
been fixed by ISO 6508. The missing information about the initial indentation speed can be determined
with the help of test indents or pre-measurements. This, however, is very time-consuming and requires
an expert user. Instead, a new and innovative method developed at the PTB extracts the needed
information from the pre-load phase and allows to determine the initial indentation speed without the
need of pre-measurements [3]. To achieve this, a database with functional relationships between the
maximum indentation depth (hnax) and hardness as well as the indentation depth at pre-load (hy) and
hardness are created. A typical characteristic curve for steel applicable for the Rockwell scale C is shown
in Fig. 2 [4]. The initial indentation speed is then calculated with the help of the following equation 1:
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where,

vy is the initial indentation speed for the loading phase (0 % to 80 %)
v, is the final indentation speed (80 % to 99 %)

Taa is the total loading time

F is the total test force and

Fo is the pre-load.
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Figure 1: Depth vs. time plot for an arbitrary soft and hard material
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Figure 2: Characteristic curves for Rockwell scale C for steel with maximum indentation depth
hmax and indentation depth at pre-load hq

3. Machine Stiffness

In the framework of the automation, the machine stiffness plays a crucial role. Primarily, the
determined characteristic curves need to be universally applicable for every hardness testing equipment.
Secondly, the indentation depths at preload and maximum load are affected differently by the machine
stiffness. In a normal Rockwell hardness test, the depth readings are measured at the minor load (during
loading and unloading) making the determination of the precise machine stiffness redundant. On the
contrary, absolute values of indentation depth at minor and major loads are required for a machine
independent automation. These absolute values can only be determined if the machine stiffness is
known. The extent of elastic deformation during a hardness test depends substantially on the machine
design or type.

There are different ways in which machine stiffness can be measured. The method stated in ISO
6508 ensures that the machine hysteresis is minimized but is insufficient to calculate the absolute value.
It also does not include the deformation of the indenter, the indenter holder and most importantly the
elasticity of the material placed under the indenter. One possible solution is to use a length measuring
system such as an interferometer. Owing to the difficulties in alignment, logistics and availability, this isn’t
preferred.

At PTB, an approach similar to the measurement of machine compliance in instrumented
indentation testing is followed. A hardness reference block is indented at the same position multiple times
until the Rockwell hardness value reaches its maximum and stays constant even upon further indentation
(approx. 10 indents). The force and displacement values of the final indentation are used to determine
the stiffness. Repetitive indentations ensure that surface effects such as roughness, unevenness etc. and
material plasticity are compromised. Furthermore, a large spherical indenter and high loads are preferred
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to reduce errors due to non-ideal indenter geometry and to capture maximum hysteresis effects
respectively [5]. Assuming the deformation in the machine parts are purely elastic, these can be
quantified using Hooke’s law. The measured depth is a combination of the machine deformation and the
material-indenter interaction. This can be modelled as two springs in series [6]. The material-indenter
interaction follows the Hertzian theory of contact:

2/3

§= [ Z* FY3RLB 4+ Fu 5§ (2)
where,

0 is the measured depth [um]

E* is the reduced indentation modulus [GPa]
F is the force [N]

R is the radius [um] and

S is the machine stiffness [N/um]

Considering two pairs of force and measured depth data enables the calculation of the machine
stiffness without the knowledge of the indenter radius and the material properties. Care must be taken
while interpreting the results as many assumptions such as purely elastic deformation in the entire
system, a constant indenter radius and constant reduced indentation modulus at varying depths, etc.
might not be correct.

4. Indenter Geometry

Another important aspect to be considered is the deviation of hardness measurement results
caused by a deviation of the form of the indenter from the ideal geometry. However, due to
manufacturing difficulties, deviations from the desired ideal geometry are unavoidable. Moreover, the
indenter wears with progressing usage and changes its form gradually. Therefore, a precise
measurement of the indenter geometry and appropriate correction factors are required to ensure
worldwide comparability of hardness results. Fig. 3 shows the plot of the effective radius vs. depth for
three used Rockwell hardness testing indenters EDK1, EDK2 and EDKS3 obtained using a confocal laser
scanning microscope. An ideal indenter of this kind is a sphero-conical diamond indenter with an opening
angle of 120° and a radius of 200 um at the tip. In the literature we find various approaches to correct the
hardness deviations [7,8]. The finite element method supersedes most of them due to its ability to import
the entire indenter topography into the simulation.
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Figure 3: Measured tip radius vs. depth for three used indenters
5. Conclusion

This report provides a basic insight into the automation of Rockwell hardness testing machines.
The developed method helps to perform measurements much more efficiently, simplifies the compliance
with the necessary standards and eliminates the need for an expert user. The basic principle has been
tested and implemented for a single Rockwell hardness scale. The report also highlights the need for the
determination of machine stiffness and the importance of indenter geometry correction factors.
Nonetheless, the impact of further factors such as surface roughness, type of material and surface
detection still needs to be investigated.
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Abstract

Piston/cylinder assemblies are widely used in the calibration of pressure measuring equipment whose
principle of operation is to generate pressure by positioning non-standard weights, which generate radial
forces when compressing the fluid. The pressure can be determined by knowing the combined mass of
the weights, the local acceleration of free fall and the effective area of the piston/cylinder assembly. Often
the effective areas are determined through a calibration to another piston gauge or from dimensional
measurements; we are going to develop the second method. The dimensional characterization of the
piston/cylinder assemblies is fundamental to the realizations the pressure measurement made with
piston/cylinder assemblies. There diameter, straightness and roundness measurements were made for
the PG 0806 of the pressure laboratory of the INM - Colombia, both for the cylinder and the piston itself.
To do this measurement the Brown & Sharpe coordinate measuring machine (CMM) of the dimensional
laboratory of the INM was used. With the measuring method described, we were capable to measure the
effective area with a relative uncertainty about 9.7x107.

1. Relevance in terms of its scientific and practical meaning

The present investigation is relevant for the realization of the pressure scale, because with the
geometric method the value of the effective area of the PG0806 piston/cylinder system is obtained
thanks to the roundness and diameter measurements. Moreover, together with the determination of the
coefficient of deformation, the area of the piston/cylinder system is then obtained and, knowing the mass
of the set of weights, the pressure value is obtained. Here is the importance, that it would no longer be
required to send the pressure standards to be calibrated by the Physikalisch Technische Bundesanstalt
(PTB) as it has the primary standard. Now the PGO0806 piston/cylinder assembly will be the primary
standard of the pressure laboratory of the Nacional Institute of Metrology (INM) - Colombia, which
reduces time and costs in guaranteeing metrological traceability.

2. Purpose of the paper

The procedure to determine the effective area of piston-cylinder assemblies from the dimensional
properties of the pistons and cylinders is very well documented [1], for the straightness, roundness, and
diameters, and the contributions to the uncertainty of them should be determined [1]. Therefore, the
purpose of this paper is to determine the effective area with the geometric method. The measurement of
the dimensional properties of diameter and roundness of the PG 0806 were made with the coordinate
measuring machine (CMM) Global Performance size 07.10.07 [3]. The selected stylus tip was a ceramic
hemispherical 18 mm diameter [4].
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3. Scientific novelty or practical (applied) significance

By developing the method to realize the dimensional characterization to calculate the effective area of
the PG 0806 of the INM Pressure Laboratory a new branch of dimensional metrology has been
developed.

A method to measure the effective area for the PG 0806 was successfully developed, unfortunately
the uncertainty of the measure is too high to allow a geometric realization of the Pascal. Nevertheless,
with data from higher precision machine it would be possible to reach the desired uncertainty, because

with the coordinate measurement machine the accuracy is 2 x 10 mm.

4. Tasks

In order to measure the diameter and roundness both for piston and cylinder the CMM Brown &
Sharpe model 07.10.07 Performance was chosen. The diameter of the cylinder was measured from top
to button at the heights: [1, 4.25, 11.25, 14.75, y 18.25] mm. Each circumference was measured three
times with: 36, 72, 84, 96, 108 and 120 contacts each. The diameter of the cylinder was measured from
top to bottom at this heights: [3, 6, 9, 12, 15, 18, 21, 24, 27, 30, 33, 36, 39, 42, 45, 48, 51, 54, 57] mm [1],
as can be seen on Figure 1. With this data the roundness can be determined. Each circumference was
measured three times with 120 points. The environmental conditions of the measurements were: ambient
temperature between 19 °C - 21 °C and relative air humidity between 40% to 60 %.

=1 O

Figure 1. Heights for the roundness measure.

5. Description of the paper

5.1. Effective area by geometric measurement.

The effective area of the piston cylinder assembly is assumed to be the average between piston and
cylinder:

_ (Age + Agp) (1)
=5

IX International Competition of COOMET “The Best Young Metrologist”

21-22 April 2021, ONLINE




Where Aoy is the mean piston cross sectional area and Ay, is the mean cylinder cross sectional area.
Both are calculated by using the equation:

d%cp )

A =
Oe.p T 4

Where d_, is the inner diameter of the cylinder or the external diameter of the piston. For the uncertainty
budget we use the equation 3 [5]:

1 3
(ud(ﬂﬂ))z+(unr(ﬂﬂ)) ? ( )

Where 14(4g) is calculated by using the equation 4:

u(4,) _
Ay

uglAg) u; tu X

A, 2R,

Where u, and u. are the uncertainties of the piston and cylinder measurement, respectively. Finally,

u,,-(4y) is the uncertainty due to the lack of roundness and is obtained from equation 5:

' (5)
unr(‘qﬂ) 3 Hir'p + uirc’

A, 2R,

5.2 Measurements
5.2.1. Cylinder Measurements.

The mean values of the cylinder diameter at different heights. Whereas contacts number has an impact
about the spend time to get a measure, the uncertainty does not change significantly when the contacts
number are 36 or 120. The average diameter of the cylinder with 36 contact is 35.334 4 + 0.003 4 mm.
Twelve sources of uncertainty were considered for that measurement.

5.2.2. Piston Measurements.

The mean values of the piston diameter at different heights with 120 contacts. The mean diameter is
35.332 8 mm.

6. Results
6.1 Effective Area

The effective area of the piston cylinder assembly is calculated using Equation 2 with the mean
values of the diameters of the cylinder and the piston taken from the Table 1 and Table 2 with 84 and
120 number of contacts each, the area values are in the Table 1:
Table 1. Mean diameter and area for Piston and cylinder
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Piston Cylinder

d (mm) Sd (mm) d (mm) Sd (mm)

35.3328 0.000 2 35.334 4 0.000 4
Area (mm?  Sd(mm) | Area(mm?)  Sd (mm)

980.4964  0.0117 | 9805852  0.000 4
Starting from the Equation 1 and using the values of the area of the piston and cylinder, the effective
area was calculated by 980.540 7 mm?. The known cross-floating effective area (PTB 2007) is 980.533
mm?, then there is a difference of 0.008 mm?.

6.2 Effective Area Uncertainty.
From equation 3 the uncertainty of the effective area was calculated, see Table 2.

Table 2. Variables for the determining the uncertainty of the effective area.

Quantity Symbol Value
Coverage factor k 2
Piston Diameter Combined Uncertainty Ly 1.7x10 “mm
Cylinder Inner Diameter Combined Ty 1710 mm
Uncertainty
Cylinder Roundness Combined iy, 1.65x% 10 mm
Uncertainty
Piston Roundness Combined Uncertainty ., 1.7=x10 “mm
Diameter Uncertainty Ty 6.87E-05x 10 “ mm
No Roundness Uncertainty Ty 6.77E-05 = 10 * mm

Then the effective area relative uncertainty is 9.64 x 10
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Abstract

This paper describes the method for studying the absolute value of the spectral irradiance of
OSRAM FEL standard lamps based on the use of the filter radiometer developed at
NSC “Institute of Metrology”. The method reduces the measurement uncertainty.

1. INTRODUCTION

Measurements of the absolute value of the spectral irradiance are necessary for the calibration of
spectrometers and other measuring instruments, which are widespread in such areas as medicine,
industry, and others. Therefore, reducing the measurement uncertainty is an actual task.

A widespread method for measuring the absolute value of spectral irradiance is the method using a
spectrometer, which has a significant measurement uncertainty and low stability due to the design
features of spectrometers. Therefore, for accurate measurements of the absolute value of spectral
irradiance from OSRAM FEL reference lamps (widely used for storing and transferring spectral irradiance
units), it is necessary to simultaneously calibrate the spectrometer using an absolute black body. For this,
it is necessary to install a diffuser on the entrance slit of the spectrometer monochromator, which
significantly reduces the signal level, for increasing of which it is necessary to expand the entrance slit of
the monochromator, and this leads to an increase in the measurement uncertainty.

To reduce the measurement uncertainty of the absolute value of spectral irradiance, the
measurement method with a filter radiometer can be used [1], this method is not as popular as the first
one and has own drawbacks, the elimination of which is the focus of this work.

2. DESCRIPTION OF THE METHOD AND EQUIPMENT FOR MEASURING THE SPECTRAL
IRRADIANCE

2.1 Measurements of the relative irradiance of OSRAM FEL lamps

To study the relative value of the spectral irradiance of FEL lamps at the NSC “Institute of
Metrology”, we used the spectrometer based on MSA-130 dual monochromator and detectors based on
Hamamatsu 1337-1010 BQ photodiodes (250 nm — 1100 nm) and Hamamatsu G12183-010K (1100 nm
— 2500 nm), the scheme is shown in Figure 1.

Receiver

MSA-130

ORIEL Keithley 6485

Figure 1 — Scheme of installation for measurement of relative spectral irradiance of FEL lamps
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The results of the study of the relative value of the spectral irradiance of FEL lamps are shown in
Figure 2

1,2
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0

A
Figure 2 — Graph of relative spectral irradiance of FEL lamps
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As can be seen from the above results, the relative spectral characteristic has a flat area in the
range from 840 nm to 940 nm. Measurements with a filter radiometer in this area makes it possible to
significantly reduce the measurement uncertainty of the absolute value of spectral irradiance caused by
the measurement uncertainty of the spectral characteristics of the filter radiometer associated with the
accuracy of setting the wavelengths of the monochromator and its slit width at the input and output.

2.2 Design and research of the filter radiometer

To study the absolute value of the spectral irradiance of FEL lamps, the filter radiometer was
developed at the NSC “IM” which based on the trap-detector with Hamamatsu 1337-1010 BR
photodiodes, filter turret from Newport with a bandpass filter with nominal value of 900 nm and a 4.3 mm
aperture. The external view of the filter radiometer is shown in Figure 3.
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A filter radiometer in this design eliminates the component of the uncertainty of measurement,
which is associated with the re-reflection of radiation between the filter and the receiver. The study of the
bandpass filter was carried out using the National primary standard of the units of spectral coefficients of
regular transmission, regular and diffuse reflection in the wavelength range from 0.2 ym to 25.0 ym
DETU 11-09-08. The study of spectral sensitivity of the trap-detector was carried out using the National
primary standard of the units of spectral density of the radiance, spectral density of radiant intensity and
spectral density of irradiance, of the radiant power and irradiance DETU 11-06-06. The results of the
spectral sensitivity study are shown in Figure 4.

5E-05
4E-05
3E-05

2E-05

S(A), A cmZ/mw

1E-05

1E-19

820 840 860 880 900 920 940 960

-1E-05
A, nm

Figure 4 — Graph of the study of spectral sensitivity (A-cm?mW) of the filter radiometer with
the bandpass filter with a nominal value of 900 nm

2.3 Installation and method of research of the absolute value of spectral irradiance of FEL
lamps

The scheme of the Installation for measuring the signal with the filter radiometer at the wavelength
of 900 nm from the FEL lamp is shown in Figure 5.

|_ Trap-
SIIIIIoooIoIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIITTeemm I-:I-_-'- detector

ORIEL Aperture

Keithley 6485

Optical Filter Mounts

Figure 5. Scheme of the installation of measuring the signal of the filter radiometer (with bandpass filter
with the nominal value of 900 nm) from a FEL lamp
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On the basis of the signal from the FEL lamp measured by the filter radiometer, the absolute
values of the spectral irradiance are calculated for the entire range according to formulas 1-3:

=y Emaxr E()rer - S(2)d2 (1)
I
Emax = J o B rers(A)di (2)

where | is the signal (current, A) of the filter radiometer, E o« is the maximum value of the spectral
irradiance from FEL lamps, E(A). is the relative value of the spectral irradiance from FEL lamps, S(A) is
the spectral sensitivity of the filter radiometer.

The spectral irradiance of FEL lamps is calculated from the formula:

E(}D = Emux ' E(‘H’)?‘Bi (3)

The combined standard uncertainty of measuring the spectral irradiance of the filter radiometer
consists of sources, the names and values are given in Table.

Table — Budget of uncertainty of determination the maximum value of the spectral irradiance from
FEL lamps Emax

Source of uncertainty Value, %
Uncertainty of spectral transmittance measurements of the bandpass filter
. 0.05
in the range from 838 nm to 938 nm
Uncertainty of trap-detector calibration measurements in the range from

0.10
838 nm to 938 nm
Uncertainty of measuring the aperture area of the filter radiometer 0.14
Combined standard uncertainty 0.18

The small value of the uncertainty E..x for OSRAM FEL lamps is due to a flat area of the relative
spectral characteristics of the spectral irradiance lamps in the bandpass of the filter.

3 CONCLUSIONS

1. The method for measuring the absolute values of the spectral irradiance of illuminance using a
filter radiometer was improved.

2. The use of a trap-detector in a filter radiometer as a receiver makes it possible to eliminate the
uncertainty component associated with the re-reflection of radiation between the filter and the receiver.

3. Since the spectral sensitivity of a filter radiometer with a bandpass filter with the nominal value of
900 nm is in the flat area of the FEL lamps, this significantly reduces the components of measurement
uncertainty associated with the setting of radiation wavelengths and the width of the monochromator slit.

REFERENCES:

1. CCPR K1-a Key Comparison of Spectral Irradiance (250 to 2500 nm). Final Report: p. 25, p. 82,
p. 160, p. 198.
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Abstract

Standard reference materials of fluorescence and Raman scattering based on phosphate
glasses, one of which was activated by terbium and europium ions, and the other by thulium ions,
have been developed. Their fluorescence spectra measured on a spectrofluorometer and a Raman
spectrometer are presented. The possibility of using the developed standard reference materials for
correction of emission spectra measured on different spectrofluorometers, systematic monitoring and
correction of the sensitivity fluctuations of instruments, as well as control the error of instruments on a
wavelength scale during their testing and verification is shown. It has been proven that the standard
reference materials have photostability and intense fluorescence in the range from 200 to 4000 cm™
and can be used as a means of metrological support in Raman spectroscopy, namely for calibrating
Raman spectrometers on the wavenumber scale and on the relative intensities of Raman peaks. The
possibility of using the developed standard reference materials for quantitative analysis without
building a calibration graph by establishing a correspondence between the intensities of the peaks on
the spectra of fluorescence or Raman scattering of standard reference materials and the intensities of
the peaks on the spectra of analytes with further calibration of the selected peaks in units of the
concentration of the measured substances is considered.

Relevance Fluorescence spectroscopy is used increasingly for the control of medicines and
food products, in medical diagnostics and environmental monitoring. The advantages of these
methods are the non-destructive nature of the control, the minimum requirements for sample
preparation, the possibility of rapid analysis and the relative availability of equipment. However, the
use of these methods for quantitative and, in many cases, qualitative analysis is hindered by the
hardware dependence of the spectra measured by Raman and fluorescent spectrometers. The shape
of the spectrum and the intensity of the lines depend on the device which they were measured.
Standard reference materials are required to ensure the hardware independence of the fluorescence
and Raman spectra. Until recently, there were used liquid solutions, that have a limited service life,
require special storage conditions and are prone to photodegradation. The use solid samples for this
purpose has so far been very limited. The development of new approaches to the creation of such
standard reference materials and the expansion of their application is an actual problem.

The purpose of this work was to develop standard reference materials based on inorganic
glasses suitable for calibration on the spectral and photometric scales of both fluorescent and Raman
spectrometers. This is one of the elements of the novelty of the approach implemented in the work.
Other elements of novelty were the presence of several narrow spectral lines in the developed
standard reference materials in a fairly wide range (less then 10 nm), as well as the possibility of using
the standard reference materials for calibration on the concentration scale in quantitative analysis. To
solve these problems, together with ITMO University (St. Petersburg), two special fluorescent glasses
based on a phosphate matrix were developed. One of the glasses was activated by europium and
terbium ions, and the other by thulium ions.
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The optical properties of the standard reference materials, including their fluorescence spectra,
were studied on an SFF-2 Fluoran spectrophotometer/fluorimeter (developed in the All-Russian
Research Institute of Optical and Physical Measurements). To refine the calibration procedure for
Raman spectrometers, an InSpektr R 532 Raman luminescence spectrometer (developed by
InSpektr,Ltd, Russia) was used. The results are described in [1].

Ensuring the uniformity of measurements of the fluorescence spectra

The fluorescence spectrum of the standard reference materials based on terbium and europium
at an excitation wavelength of 365 nm, which is optimal for it, contains nine rather narrow (about 10
nm) and clear spectral lines in the range of 400—730 nm (Figure 1). In turn, the fluorescence spectrum
of the standard reference materials based on thulium at an excitation wavelength of 358 nm, which is
optimal for it, contains four lines in the range of 500—-850 nm (Figure 2).

The standard reference materials can be used to correct the fluorescence spectra measured on
various spectrofluorometers, as well as to systematically monitor and correct the sensitivity
fluctuations of the instruments. This makes it possible to bring the spectra to a instrument-
independent form, thus ensuring the unity of measurements in fluorometry. Another application of the
standard reference materials is the control of the error of spectrofluorometers on the wavelength scale
during their testing and verification. The most intense peaks of standard reference materials based on
terbium and europium ions were calibrated in relative fluorescence units (RFU) corresponding to the
set values of the concentration of sodium fluorescein, a known fluorescent dye. Similarly, a
correspondence can be established between the peak intensities on the fluorescence spectra and the
concentrations of other substances of interest to a particular laboratory. It will allow using measures to
conduct a quantitative analysis without building a calibration graph for comparison solutions.
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Figure 2 - Emission spectrum of the fluorescence standard reference materials based on phosphate
glass activated with europium and terbium ions
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Figure 3 - Emission spectrum of the fluorescence standard reference materials based on phosphate
glass activated with thulium ions

Ensuring the uniformity of measurements of Raman spectra

The increasing use of Raman spectroscopy for the qualitative and quantitative analysis of
substances and materials requires the measurement of accurate and instrument-independent spectra.
This is particularly useful for the detection of substances by comparing the experimental Raman
spectra with the library. In this case, it is necessary to compare the spectra measured on different
instruments.

The possibility of using the developed fluorescence standard reference materials as a means of
metrological support in Raman spectroscopy was investigated. For this purpose, the fluorescence
spectra of both standard reference materials discussed above were measured by the "Inspector R
532" spectrometer, in which the Raman spectra are excited by a laser at a wavelength of 532 nm. The
results are shown in the wave number scale (Figure 3, Figure 4).
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Figure 4 - Fluorescence spectra in the scale of Stokes shifts for a standard reference materials based
on phosphate glass activated with terbium ions
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Figure 5 - Fluorescence spectra in the Stokes shift scale for a standard reference materials based on
phosphate glass activated with thulium ions

The provided spectra show that the standard reference materials together reproduce peaks in
the range from 200 to 4700 cm™, in the region where Raman shifts of the majority of interesting
substances are observed. Multiple measurements carried out with standard reference materials of
both types have shown that the intensity of all recorded peaks remains unchanged. This indicates the
photostability of the investigated standard reference materials when exposed to laser radiation that is
used for excitation of Raman spectra. These results indicate the possibility of using the developed
standard reference materials also for calibrating Raman spectrometers with respect to both the
wavenumber scale and the shape of the spectra, i.e., on the basis of relative spectral sensitivity.

In addition, a relationship can be established between the intensities of the peaks on the
spectra of the standard reference material and the peaks on the spectra of specific substances
measured on the same Raman spectrometer or microscope. Thus, the selected peaks can be
calibrated in units of the concentration of these substances. It will allow for quantitative analysis using
Raman spectra, similar what was described above for fluorescence spectra.

Currently, this approach is used in the development of a nanosensor system based on SERS
(surface enhanced Raman scattering) using silver nanoparticles, for the detection and quantitative
determination of reduced glutathione in biological fluids. It is a low-molecular compound that plays an
important role in the vital activity of the body and can act as a marker of ischemic stroke and a number
of other diseases. The operation concept of this system consists in the interaction of reduced
glutathione molecules with the surface of silver nanoparticles, which leads to the charge transfer
between the metal surface and the analyte molecules adsorbed on it and the appearance of intense
spectral scattering lines of reduced glutathione.

Figure 5 shows the SERS spectrum of reduced glutathione in aqueous solutions in the
concentration range from 0 to 100 uM, measured on a Confotec NR500 scanning laser Raman
microscope (manufactured by SOL Instruments, Belarus).
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Figure 6 - SERS-spectrum of reduced glutathione aqueous solutions, measured on a Confotec NR500
Raman microscope

Figure 6 shows the spectrum of the standard reference material described above based on
phosphate glass activated with europium and terbium ions, measured on the same microscope under
the same conditions.
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Figure 7 - The spectrum of the standard reference material based on phosphate glass activated by
europium and terbium ions, measured on a Confotec NR500 Raman microscope

Comparison of these spectra will allow approximate calibration of the selected peaks on the
spectra of the standard reference material in units of reduced glutathione concentration. The results of
this calibration can be used to estimate the concentrations of this analyte from the Raman spectra of
new samples without using of calibration splutions.

Conclusions

Two types of fluorescence standard reference materials based on phosphate glass activated by
metal ions have been developed. The standard reference materials can be used to calibrate
spectrofluorimeters and Raman spectrometers on the spectral and photometric scales, as well as to
facilitate quantitative analysis of the fluorescence and Raman scattering spectra.
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Abstract

The results of work on the implementation of the gravimetric method for measuring displaced
volumes of gas-air environ are presented. This method is intended for measuring the volumetric flow rate
during verification and calibration of measuring instruments, in particular, to reduce the uncertainty in
measurements and increase the accuracy characteristics of the working standard. The previous and new
(gravimetric) methods of measuring the displaced volumes of gas-air environ were investigated, and their
comparative analysis was carried out, during which clear advantages of using the second method were
observed. The gravimetric method made it possible to more accurately determine the displaced air
volumes, which, in turn, made it possible to more accurately determine the volumetric flow rate. This
made it possible to calibrate critical outflow Venturi nozzles, which expanded the range of calibrated
measuring instruments, as well as auxiliary means at BelGIM. This was reflected in the metrological
activities within the institution, in the economy of the country and society in general, and in ensuring
traceability. Labor costs for carrying out work within the organization have decreased due to the
departure from a large number of measuring procedures and calculations, which, as already mentioned,
affects the accuracy of measurements.

To date, to ensure the procedure of verification or calibration of household gas meters,
installations are used, which include measuring nozzles — the most important element of metrological
control systems for household gas meters.

The relevance of this work is to obtain the possibility of calibration of critical flow Venturi
nozzles (hereinafter referred to as nozzles), and, as a result, to expand the range of calibrated
measuring instruments based on BelGIM.

Calibration of critical flow Venturi nozzles was previously only possible in Russia or Ukraine.

The purpose of this work is to study methods for measuring the displaced volumes of gas-air
media to further improve the metrological characteristics of the installations used, and, thus, to expand
the range of calibrated measuring instruments.

The objective of the work is a comparative analysis of studies of geometric and gravimetric
methods by studying the metrological characteristics of the REOVG-004 installation using these two
methods.

The practical significance of the gravimetric method lies in the fact that this method allows you
to:

- move away from the geometric method, thereby repeatedly reducing the number of
measuring instruments and labor resources used,;

- more accurately determine the displaced volumes of air, thereby reducing the error in
determining the volume flow itself.

- get the necessary margin of accuracy to calibrate the nozzles.

For metrological control of gas volume and flow measuring instruments, as well as auxiliary
elements during measurements, a bell-type gas volume and flow unit REOVG-004 is used.

The principle of operation of the installation is based on the displacement of the volume of air
due to the pressure created by the bell gauge, immersed in the liquid and moving under the influence
of the measured pressure difference (the difference between the pressure under the bell and outside).
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Metrological characteristics of the installation before using the new volume measurement
method:

- Range of reproducible flow rates, m%h: from 0.016 to 2.5;

- Reproducible control volumes, m® 0.010; 0.020; 0.040;

- Confidence limits of the relative error of the volume flow measurement

(P =95), %: +0,25;

- Confidence limits of the relative error of volume measurement (P = 95), %:

1. For a volume of 40.5169 dm® - + 0.13;

2. For a volume of 20.1632 dm® - + 0.13;

3. For a volume of 10.1045 dm?® - + 0.25.

It should be noted that on a small control volume, the measurement error is much higher than
the values related to large volumes, which means that for calibration, for example, measuring nozzles
with an error of 0.5%, there is no necessary margin of accuracy, and, accordingly, the ability to perform
calibration. Thus, the main contribution to the uncertainty is made by measurements on a small control
volume.

In the measuring unit REOVG-004, the volume flow values are expressed in terms of the
values of the air volumes displaced from under the bell. When studying the metrological characteristics
of this installation, it was revealed that the main contribution to the error in determining the volume flow
rate is made by the geometric method of measuring the displaced air volumes. The disadvantage of
this method is a large variety of measurement operations (Figure 1), which affects both the labor costs
when performing these operations, and the measurement error of the displaced volumes. Due to the
large measurement error, it was not possible to calibrate the nozzles, since a threefold margin of
accuracy was required.

The values of measurement uncertainty volume in the installation of gas volume and flow rate
bell type REAUG, in addition to addressing the components of the temperature, pressure, humidity,
was determined by taking into account a set of measuring instruments for measuring geometric
parameters of the installation, namely the geometric volume.

The geometric volume of the installation was determined by the calculation method based on
the results of measurements of the dimensions of the bell, the installation body and the ruler. These
measurements were carried out according to the following scheme:
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Figure 1 - Diagram of measuring the size of the bell in the “Stop " position”
Symbols: 1-installation body; 2-bell (measuring gauge);
3, 4 - outlet pipes of the displacer; 5 — the displacer

Studies were also conducted on the channels for measuring pressure, temperature, time, and liquid
density in the installation.

Based on the results of all the above studies, the measured volume of air coming from under
the bell to the counter input was calculated using the formula:

:PaTc(VKTc( 'p.I.HTJ.K) _ ( _P.IHTI.K) (P.IHT.IK_ ) )
Ve BeTy \ Ity 1+P1.KT1H +(P"1H P"w] 2 PigTiy a4+ BigTig 1)Voer ).

Pz — the average value of the absolute pressure under the bell during the meter verification, Pa;

P- — the average value of the absolute pressure in front of the meter during the meter
verification, Pa;

T3 — the average value of the absolute temperature of the air coming out from under the bell
during the meter verification, K;

T- —the average value of the absolute air temperature in front of the meter during its
verification, K;

Py, Pig —initial and final absolute air pressure under the bell when checking the meter, Pa;

Piim, Py — the initial and final overpressure of the air under the bell when checking the
meter, Pa;

Ty, Tix —the initial and final absolute temperature of the air at the top of the bell when
checking the meter, K;

Vi — geometric volume of the bell, m*;
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A — correction factor for the change in the volume of air displaced from under the bell from the
change in the overpressure under the bell, m*/Pa;
Vacr — the volume of air under the bell when it is at the “Stop " position, m?;

T — the time corresponding to the volume of air measured by the meter, s;

Ty — the time corresponding to the movement of the bell between the slots on the
the line, s.

Using the REOVG unit, the volumetric flow rate was determined through the volume of air
displaced from under the bell.

Together with the speaker, a device was designed that allows measuring the displaced volume
of air not by geometric, but by gravimetric method. The operating principle of the devices is as follows:
gas pressure bell displaces the liquid density in a special container, which is weighed in the balance of
high precision, which is why we're getting rid of a large number of measuring instruments and come
only to the scales and density, which reduces the number of factors influencing the accuracy and
uncertainty.

The gravimetric method was used to determine the values of the displaced volume of air,
reduced to the required parameters, for a single observation, according to the formula:

V= ]'ﬂ] . tl. + 6V,
p 293.15

where &V; is the correction due to the spread of the measured volume values, m*;

m,, — the measured value of the mass of the liquid according to the indications of the

balance, kg;

ky — the coefficient of correction of the water mass, due to the difference in the value of the
ejection force when calibrating the weighing mechanism with weights and when weighing the
equivalent mass of water, is calculated in accordance with Annex D of OIML 111;

p — measured value of the density of the liquid displaced from the measuring gauge, kg/m>;

ti - the measured value of the temperature on the calibrated SI during the i — th observation, K.

The uncertainty of the volume measurement is taken into account when calculating the
uncertainty of the flow measurement.

The error of reproduction by setting the unit volume of air is determined for each measured volume in%,
according to the formula:

|S'_'- +ﬁgﬁ
S‘ft' — H-M- 100,
Vo

where 5. is the estimate of the COE of reproduction of the unit volume of air by the
installation, m3;

By — NSP - units of air volume.;

Vz — the volume of air transferred from the installation to the input of the meter to be checked,

m?>;

K is a coefficient that depends on the ratio of random and non-excluded systematic errors.

Metrological characteristics of the installation during the use of the gravimetric volume
measurement method:

- Range of reproducible flow rates, m%h: from 0.016 to 2.5;

- Reproducible control volumes, m>: 0.010; 0.020; 0.040;

- Confidence limits of the relative error of the volume flow measurement

(P =95), %: £0,16.
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Conclusion

Studies of methods for measuring the displaced volumes of gas-air media are carried out.

A device has been developed to replace the geometric method with a gravimetric one.

Experimental studies of the influence of the gravimetric method on the metrological
characteristics of measuring devices were carried out.

Using the gravimetric volume measurement method, the following results were achieved:

1. More accurate volume measurement;

2. Improvement of metrological characteristics, namely the relative error and uncertainty of
measurements;

3. Expanding the range of calibrated S| and auxiliary devices based on BelGIM;

4. Reduction of labor costs for volume measurement.

References:
1) CTb ISO 9300-2018. W3mepeHue pacxoga rasa C nomowbio conen BeHTypu
KPUTUYECKOro ucteyeHmnd. — 36 c.
2) TOCT 8.324. Cuétumkm rasa. Metoauka nosepku. — 7 C.
3) XKaropa H.A. C6opHuk TpygoB. Bbinyck 5/T.W. OukyH, .A. Beuep//VccnepoBaHne
METPOJIONMYECKNX XapaKTEPUCTMK YCTaHOBOK OObEMa M pacxoda rasa korokonbHoro tuna PEOBT:
C6opHuk Tpyaos benlMM. — MuHck, 2007. — C. 25-34.
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Abstract

The article analyzes the process of measuring the oil density in a pipeline using an automated
density transducer, by collating it with a high-precision standard pycnometric installation. The purpose of
this analysis is to evaluate in detail the given measurement and to expose the values that affect
measurement accuracy adversely.

Introduction

When organizing a system for quantitative accounting of oil, the method that is widely spread is
the direct method of dynamic measurements of the oil mass, on the basis of direct measurements of the
oil mass using measuring instruments for the mass flow rate in pipelines. To control the metrological
characteristics of a mass flow meter, calibration facilities (compact provers) are used, which, in its turn,
work in conjunction with a density transducer to transfer the dimensions of the units of physical
guantities. As a result, we encounter a situation in which the density converter, not having direct
participation in the accounting process, nevertheless, is a key measurement tool for ensuring the
accuracy of accounting the amount of oil.

In the proposed experiment, our goal is to determine the external factors affecting the
measurement of oil density by an automatic density meter in transportation conditions, as well as to
assess their value and contribution to the final result.

To measure the density of commercial oil, a modern density transducer with the double parallel
tubes technology that vibrate at a frequency of its own fluctuations is equipped. Fluctuations may vary
depending on the density of the liquid filling the tube (Figure 1).

Figure 1. Parallel Tubes of a Density Meter.
The density transducer automatically measures the period between oscillations of parallel tubes
and converts it to a density unit (kg/m?) according to the calibration coefficients. The absolute

permissible error of this density meter is £0.3 kg Jm?.
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The work is carried out in the oil quality measurement block, through which the transported
commercial oil is circulated from the main oil pipeline. The measurement conditions are shown in the

table below:

Ambient Temperature Temperature of the working

environment (of oil)

Pressure in the pipeline

21°C 29°C

2,8 MPa

The density meter is installed on the technological pipeline inside the quality measurement block.

For the reading credibility of the densometer itself, it is opposed with the pycnometric installation
in parallel, with an admissible absolute error of 0.1 kg /m=. The given setup is connected to the conduit
in series with the density meter through the outlets via flexible hoses, providing the circulation of oil
through pycnometers without any excessive vibration. Additionally, a thermometer and a manometer are

used to measure the conditions of the working environment simultaneously.

Measurements begin after oil parameters in the density transducer and pycnometers are
stabilized, at the time when the change in oil temperature over time does not exceed 0.1 °C/min, the

pressure change does not go over 0.05 MPa/min, and change in period is not beyond 0.02 us/min,
Measuring and processing the results of pycnometers provided the following results:

Liquid Temperature Liquid Pressure
Pycnometer’s Average Densometer's
liquid density oscillation liquid density Absolute error
in in measurement period measurement
in in
densome | pycnome
densometer | pycnometer ter ter
t4 tp Pa Fp Pp T Pd Ap
°C °C bar bar kg/m? s kg/m? kg/m?
32,0 32,3 8,10 8,20 852,554 3673,281 852,652 0,098

To determine the contribution of the selected factors to the initial result, the standard uncertainty
of each variable was calculated:

Stages Varialbe Calculations
Measurement _
process model Y—XF+XDD+XM+XIT+XED+XL':L
Density N z
N (Ko — X -
measured by Uy = |2t = Xee)” 0,000678215 kg/m*
pycnometer, ¥z (N—11=N
Density
Measurement
Standard with
uncertainty in Tem z
ettt perature - 0,001380078 kg/m
estlmatllng input Corrected Flow U (o) = T (Xppi — Xppe)® _
values Density Meter, AvViDDS = (N—1)1=N
XE‘D
Absolut b | Ugl) =22 =
solute error 0 sh) = 2= 0,288675135 bar

Manometer, Xy,
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Absolute error of X
Thermometer, ¥, | Us(Xe) = F% = 0,115470054 °c
Pressure _ A -1
Pressure Kpay 1
Coefficient, X, | Usl¥ezi) = P 2,88675E-08 bar
Budgeting uncertainty:
Value of X; Evaluation of X; Unit Standar%&;:ertamty Unit Type of uncertainty
|
1 2 3 4 5 6
Density measured 3 -0,001 3
by pycnometer, Xz 852,554 kgfm kg/m A
Density
Measurement with 003
Temperature 852,652 kg/m? : kg/m? A
Corrected Flow
Density Meter, Xpp
Absolute error of 0,028
Manometer, X, 0.5 bar bar B
Absolute error of o -0,090 o
Thermometer, X; 0.2 c c B
Pressure 0,008 -1
Coefficient, Xq-q 0 bar B
Pressure 0,002 -1
Coefficient, ¥, 0,09710754 bar B
Probabilities Sensitivity Unit Interest
Distribution Coefficients contribution,%
7 8 9 12
Rectangular -1 kg/m? 0,01
Rectangular 1 kgfm? 9,13
Rectangular 0,09710754 kg/m? [bar 7.96
Rectangular -1,195882759 kg/m?/°c 82,21
Rectangular 6900,109369 kg/m® = bar 0,65
Rectangular 8,10 bar 0,04
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Total uncertainty Uc 0,099262279 kg/m?
Expanded .
uncertainty Up 0,198524558 kg/m

For visualization, a diagram featuring the contribution of sources (components) of uncertainty into
total uncertainty was composed.
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The density transducer, considering the corrections for the temperature change, showed an
outstanding result - 0.03 kg/m*, which fully meets the established metrological characteristics. Density
meters of this design and construction minimize the impact of the work and ambient environments and
deserve a high level of trust

Among the sources of uncertainty, the greatest impact (82.1%) was displayed by the accuracy of
thermometer readings. This is a natural phenomenon since the slightest change in temperature and

pressure is known to directly affect the density of the environment. This once again underlines the
importance of using high-precision temperature instruments in the oil industry.

Reference:

[1] Standards of Republic of Kazakhstan 2.147-2008 «On-site verification methodology using a
pycnometric setup. »

[2] RMG 43-2001 «State system for ensuring the uniformity of measurements. Application of the “Guide
to the Expression of Measurement Uncertainty” ».
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Abstract

In this work, the authors provide a justification for the need to develop a method and means of
transferring a unit of absorbed dose rate of neutron radiation to nuclear facilities used in neutron radiation
therapy. A team of authors has studied and analyzed the main methods of neutron radiation registration
in mixed gamma-neutron fields. Metrological and technical features that impose restrictions on the
existing methods of reproduction and transmission of a unit of absorbed dose rate of neutron radiation
are described. Work has been carried out on the design, development and manufacture of a meter of the
absorbed neutron radiation dose rate for transferring a unit to nuclear installations. That was based on a
registration unit, the operating principle of which is based on the scintillation method. The paper
describes the design of the absorbed neutron radiation dose rate meter. Experimental studies of the
components of the uncertainty budget of the transmission means during the transfer of a unit to nuclear
facilities were carried out.

Introduction

For the purposes of radiation therapy, various types of ionizing radiation are used: photon
(gamma and X-ray), proton, electron, neutron. The choice of a specific type of ionizing radiation is
conditioned by the need to solve certain therapeutic problems. The type of radiation is chosen depending
on the depth and the type of tissue where the damaged cells are located. In the case when damaged
cells exhibit radioresistance to traditional types of radiation therapy (photon, proton) or remission occurs,
neutron radiation therapy, namely fast neutron therapy, is used.

The success of radiation therapy depends on the accuracy with which the irradiated organ
receives the specified absorbed dose of neutron radiation; it should not differ from the specified one by
more than 5% [1-4]. If the absorbed dose received by the patient is less than necessary, then some of
the malignant cells will not be destroyed. If the absorbed dose received by the patient exceeds the
specified value, the ionizing radiation will harm healthy tissues, thereby aggravating the patient's
condition [5]. This leads to very high requirements for the accuracy of measurements of radiation doses
in medical practice and for the system of metrological support of these measurements. The dependences
of the probabilities of healthy cells survival and malignant cells destruction during radiation therapy on the
radiation dose are shown in Figure 1.
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Figure 1 Dependences of the probabilities of survival of healthy cells and destruction of malignant cells
on the radiation dose

Analysis of medical statistics [6] shows that the number of people registered in oncological
institutions was about 4 million in 2018. The prevalence of malignant neoplasms is 2561 per 100,000 of
the population. In 2018, 624,709 new cases of malignant diseases were detected in Russia. Among
them, women accounted for 54% and men for 46%. The number of cases over the past ten years has
increased by more than 27%. Analysis of the morbidity statistics shows that in 17.3% of cases the patient
needs neutron radiation therapy, of which two-thirds are associated with relapses after primary treatment
with photon radiation therapy. In the mortality rate, oncological diseases rank second (15.6%) after
diseases of the cardiovascular system (46.3%).

Nowadays the unit of the absorbed dose rate of neutron radiation is reproduced and transmitted
by the ionization method. The standard includes two independent methods for reproducing the unit of
absorbed neutron radiation dose, which are used for direct transfer of the unit to standard installations
such as UKPN-1M, UKPN-2M-D, KIS-NRD-MB, etc.:

— meter of absorbed dose of neutrons with a set of abdominal ionization chambers;
— meter of absorbed dose rate of neutrons with a cylindrical counter.

These installations are equipped with sealed radionuclide sources of neutron radiation based on
radionuclides #**Pu, *°Pu, %°Cf, that create reference fields of neutron radiation with a small admixture
of gamma radiation.

The meter of the absorbed dose of neutrons with a set of abdominal ionization chambers can be
used to reproduce and transfer a unit to neutron generators in open geometry, where the neutron energy
equals 14 MeV. The main approaches, design principles and composition of a meter of neutron absorbed
dose rate with a set of abdominal ionization chambers are described in [7-10].

Nowadays in medical institutions various types of nuclear physics facilities (NPF) are used. They
implement neutron fluxes by accelerating particles and then bombarding these particles onto a target to
knock out neutrons. Depending on the type of reaction of neutron production, their energy distribution
can be very complex. The selection of nuclear-physics installations used in practice is presented in Table
1

Table 1 Nuclear Installations Used in Neutron Radiation Therapy

Name Tomsk Snezhinsk Obninsk
NG-12I (14 MeV)

Installation type Cyclotron ¥-120 Up to vyear 2003 | PNG type NG-24
(reconstruction)
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. 2 9
Neutron production | 1d(13,5 MeV) + ;Be — aer 2. s . s 2. 4 .
reaction L 10Be + 1y 3H+32d— 3He+ in H+3d > iHe+ [n
Average  spectium | ¢ 3 10,5 MeV About 14 MeV
energy
Absorbed dose rate | 0,15 Gy/min 11,5 sGy/min
Collimator size 6x6 n 15x15 sm @30 mm
Dls'tance o the 110 sm 105 sm Up to 100 sm
patient
Background gamma o a0 100
radiation About 10 % 4-8 % 5-10 %

The analysis of the technical and metrological parameters of the NPF [11-14] used in neutron
radiation therapy and the medical rules and recommendations for irradiation of patients [15] imposes a
number of restrictions:

— neutron field intensity by flux density is from 107 up to 1010 ——

sm2-g’

— average energy of neutrons emitted by NPF is in the range from 2.5 to 14 MeV;

— the size of the exit window of the collimator should not exceed the size of the tumor and should
be in the range from 3 to 15 cm;

— distance from the radiation source to the patient is from 0.5to 1 m;

— the proportion of the gamma radiation component in the beam is from 4 to 15%.

These restrictions impose significant requirements on the methods and means of transferring the
unit of absorbed dose rate of neutron radiation in mixed gamma-neutron fields and make the methods
and means of measuring the absorbed dose of neutron radiation that were implemented in the standard
not applicable.

Objective

Development of a method and means of transferring a unit of absorbed dose rate of neutron
radiation, which provides the transfer of a unit to nuclear physics facilities used in radiation therapy for
the cancer treatment.

Research object

Dosimetry of neutron radiation in the energy range from 2.5 - 10® to 20 MeV.

Scientific novelty

A method and means of measuring of the absorbed neutron radiation dose have been developed,
which allows the transfer of a unit to nuclear physics installations used in neutron radiation therapy for
the radiation of oncological diseases.

Practical significance:

A method and a measuring instrument that allow the transfer of units of the absorbed dose of
neutron radiation with the required accuracy for the purposes of radiation therapy have been
implemented.

Main part

The presence of a collimator, in addition to focusing the neutron flux, also serves as a shadow
shield for healthy tissues of the patient. Tungsten or iron is used as the collimator material; these
materials have the ability to be activated by neutron radiation, which in turn leads to an increase of the
proportion of gamma radiation. Neutrons, passing through the collimator, slow down, losing part of their
energy when interacting with matter, which is converted into secondary charged particles and gamma
guanta. Scattered neutrons make an additional negative contribution to the value of the absorbed dose of
neutron radiation from 14 MeV neutrons that are required for neutron radiation therapy. Thus, the
average energy of the neutron spectrum in the collimated beam becomes less than 14 MeV, which is
critical, since the stopping power and relative biological efficiency for particles of different types and
energies are strongly dependent on the particle energy. Therefore, neutrons with energy of less than 14
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MeV will be absorbed on the way to the tumor and thereby cause significant harm to the patient's healthy
tissues.

The absorbed dose in the beam from nuclear physics installations used in the treatment of
oncological diseases can be represented as:

D= Dg+ D + Dn,n’v + Dy+ Dnoise + DBY+ Din (1)
where Dg — target neutron contribution, D, - (En) — scattered neutron contribution, Dnny
(Ey) — contribution of instantaneous gamma quanta from the target and environment, D,y ~ Dy, Dy —
contribution of activation gamma quanta, Dy = f (Dn v, texp, texc), Where te,, — Object exposure time, tey —
time elapsed after object irradiation, Dyese — contribution of cosmic radiation and intrinsic noise of the
recording system, Dy, — contribution of bremsstrahlung gamma quanta from the accelerating system of
the generator, Dy, — thermal neutron contribution.

The components Dy, (less than 0,1%) and Dyise (0,001%) can be neglected. The proportion of
activation gamma quanta contributing during irradiation is rather small (less than 1%) and is taken into
account when measuring the dose from gamma radiation, and the contribution of activation of long-lived
components when calculating the absorbed dose during irradiation can be neglected. Taking into account
the contribution from bremsstrahlung gamma quanta is very difficult, since the functional relationship
between their yield and the neutron yield is complex; therefore, it is recommended to install a lead filter
with a thickness of 2-2.5 mm in all measurements and irradiation options. With an average energy of =
100 keV, to attenuate their flux of 10,000, a filter thickness of = 1.5 mm is required, and taking into
account experimental data, the recommended thickness of the lead layer is 2-2.5 mm. In this case, the
neutron flux from the target is attenuated by 2%, however, this attenuation is automatically taken into
account when calibrating nuclear physics facilities, when using a lead plate of the same thickness in this
case. Considering the above, you can write equation 1 in the form:

D =Dy + Dy, + Dy 2)

where Dy = Dy + Dy

In order to experimentally separate the components of the mixed gamma-neutron field, at least
three measuring channels are required. To minimize the error of reproduction and transmission of the
unit of absorbed dose rate of neutron radiation, it is advisable to carry out measurements simultaneously
at one point. This is due to the technical features of nuclear physics facilities, since the number of
particles in the beam exhibits small but very noticeable fluctuations, especially for pulsed radiation.

Analysis of published data [16-21] methods and means of joint measurement of the absorbed
dose rate of neutron radiation in mixed fields of gamma-neutron radiation with the possibility of
separating gamma-neutron components showed that the most suitable transmission method is the
scintillation method.

The main requirements for the development of a transmission medium are:

—the geometric dimensions of the detecting unit, since the minimum collimated beam size is 40
mm in diameter;

—the presence of several scintillation detectors working together, but at the same time
independently of each other, since it is necessary to know the absorbed dose not only from neutrons with
an energy of 14 MeV, but also the contribution of gamma radiation and the scattered neutron radiation;

—the use of materials that are little or not at all activated by high-energy neutron radiation, but at
the same time provide a reliable design of the registration unit, light and moisture protection;

—the design of the registration unit provides the combined use of three different types of cylindrical
scintillation detectors with dimensions: 1x1, 2x2, 3x3, 4x4, 8x8, 11x11 mm. Such a nomenclature of
standard sizes is necessary for the selection of the optimal ratio of the dead time depending on the
intensity of the fields and operating modes of nuclear physics installations, to which the unit of the
absorbed dose of neutron radiation is transferred;

—it is necessary to provide three channels of independent power supply and amplification for the
possibility of adjusting the measuring signal from each scintillation detector;
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—it is necessary to provide three independent channels for collecting and digitizing the signal
coming from the registration unit for subsequent mathematical processing of the instrumental spectra by
means of a personal computer (PC).

The measuring system of the means of transmitting the unit of absorbed neutron radiation dose
rate is designed to make it possible to measure the dosimetric values of neutron radiation directly at the
locations of nuclear physics facilities. The general view of the measuring system is shown in Figure 3.
The measuring system includes a registration unit (an assembly drawing is shown in Figure 2), a signal
processing unit, including: a power supply unit with three independent channels, an amplification unit that
provides the adjustment of the measured signal, an analog-to-digital converter that’s designed to collect,
process and accumulate information necessary to collect the instrumental spectrum; personal computer
for control, storage and further processing of the measured results.
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Figure 3 General view of the measuring system
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The developed means of transmitting a unit of absorbed dose rate of neutron radiation allows to
measure three components simultaneously: the absorbed dose of high-energy neutrons, the absorbed
dose of gamma radiation and the absorbed dose of thermal neutrons.

The unit of measurement for each scintillation detector from the composition of the developed
transmission device is transmitted by means of calibration at the reference point. For a fast neutron
scintillator, this is a neutron field generated by a neutron generator with the average spectrum energy of
14 MeV. For a gamma-ray scintillator, it is a gamma-ray field generated by a sealed radionuclide source
based on the Co-60 or Cs-137 radionuclide. For a thermal neutron scintillation detector, these are the
neutron radiation fields generated by a sealed radionuclide source based on the PuBe or Cf-252
radionuclide and the gamma radiation field created by a sealed radionuclide source based on the Co-60
or Cs-137 radionuclide, where the value of the absorbed thermal neutron dose is determined by the
difference between the readings of a scintillation detector sensitive to gamma-neutron radiation and a
scintillation detector sensitive only to thermal neutrons.

The main metrological characteristic of the transmission device (comparator) is stability. To
identify the stable mode of operation of the PMT, studies of the dependence of the PMT gain factor on
the supply voltage in the range from 850 to 1150 V were carried out. The research results are shown in
Figure 4.
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Figure 4 Results of measurements of the dependence of the amplification factor on the supply voltage of
the PMT

In the voltage range from 930 to 1050 V, a stable mode of PMT amplification is observed; the
standard deviation of the PMT gain factor does not exceed 0.3%.

To determine the operation stability of the means of transmitting the units of absorbed dose
(absorbed dose rate) of neutron radiation, studies were carried out for a time interval of 1, 2, 12 and 24
hours. The research results are presented in Figure 5.
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Figure 5 Results of measuring the stability of the transmission means

The results of the standard deviation of the transmission device stability do not exceed 0.1%. In

Figure 5, the values 5 and 9 of the measurement correspond to the daily operation stability of the means
of transmission of the units of the absorbed dose of neutron radiation.

Conclusion
The developed method and means of transmission provide the transfer of a unit of absorbed dose

rate of neutron radiation in mixed gamma-neutron fields in the energy range from 0.05 to 14 MeV in the
range of absorbed dose rate from 2-107% to 1- 1073 Gy-s'1 to nuclear physics installations used in
practice in neutron radiation therapy for the treatment of oncological diseases.

N

References:

CraBuukui P.B., AcnekTbl knuHn4deckon gosnmetpun / P.B. CtaBuukun — Mocksa: MHIA, 2000 r.
Booth J.T., Modeling the impact of treatment uncertainties in radiotherapy: thesis — Adelaide,
2002

Brahme A. Dosimetric precision requirement in radiation therapy — Acta Radiological Oncology,
Ne24, 1984

Custin-Savard A., Dose delivery uncertainty in photon beam radiotherapy: thesis, Montreal, 1995
Struelens L. Characterization of the scattered radiation field around an x-ray tube, Phys. Med.
Biol., Ne56, 2011 r.

3opaBooxpaHeHne B Poccumn 2018: ctatuctmnyeckun céopHmk — Mocksa, PocctaT 2018 r.

KO.W. bperaase, N.®. Macnses, O norpewHoOCcTV pa3gernbHoro onpegeneHms NornoLweHHoN 403bl
HENTPOHOB Y raMMma-n3nyd4eHns MOHN3aLMOHHbIMK Kamepamu, iamepuTteneHasa TexHuka, - Ne 8, -
c. 70, -1973;

B.IN. Antunenko, bB.B. AptemoB, .WU. bperagse, b.W. Epmwunos, T[.®. Macnses,
ABTOMaTMYECKOE oOnpegeneHne MornoweHHon [o3bl M3 anddepeHumansHoOro  cnekrpa
UMnMynbcoB, NamepuTtenbHada TexHuka, - Ne 4, - ¢. 90-91, - 1973;

IX International Competition of COOMET “The Best Young Metrologist”

21-22 April 2021, ONLINE




10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

KO.N. bBperagse, A.B. MapueHko, [.®. Macnses, JI.M. CuagopeHko, [0CynapCTBEHHbIN
NEPBUYHLIA 3TaNoH €AWHWL, MOLLHOCTU MOTSIOWEHHON M 3KBMBANEHTHOW [03 HEWTPOHHOro
nanyyeHus, lameputenoHas TexHuka, - Ne10, - c. 3-6, 1979;

KO.N. bperagse, N.®. Macnses, Komnnekc cpeacTtB BbICLIEN TOYHOCTU AN ONpPeneneHus
NOrfoLWeHHOM 403bl ObICTPLIX HEMTPOHOB, N3mepuTenbHast TEXHUKa, - Ne 7, - ¢. 14-17, - 1974;
B.B. Benukas, J1.1. MycabaeBa, XK.A. Ctapuesa, B.A. JlucuH, BeicTpble HelTpoHbl 6,3 MaB B
KOMMIIEKCHOM revyeHnn B60mbHbIX MECTHbIMU peuvMaMBaMu paka MOMOYHOW enesbl, Bonpochl
OHkonoruu, - Tom 61, - c. 583-585, - 2015;

E.M. CnoHumckasa, J1.A. Mycabaesa, B.A. JlncuH, P.A. UWarnaxmetoBa, X.A. >KoruHa,
KomnnekcHas Tepanusi MeCTHOPACMpOCTPaAHEHHOro paka MOSOYHOW Xernesbl C NMpUMeHeHueM
HENTPOHHO-HOTOHHOW Tepanun, CMOMPCKUIN OHKONOIMYECKUIA XXypHann, - ¢. 30-36, - 2002;

B.A. Hosukos, J1.MA. MycabGaesa, B.A. JlucuH, Pesynbtartbl KOMOMHMPOBAHHOINO neYeHus
Onyxonen nofioCTU HOCa W OKOMOHOCOBLIX MNasyx C MNPUMEHEHUEM HEWTPOHHOW Tepanuu,
CnbMpCKMI OHKONOrMYECKNIA XKypHar, - ¢. 21-26, - 2002;

B.A. JlucuH, Cnocobbl onpegeneHnMst OTHOCUTENbHOW Buomnorumveckon 3hHEKTUBHOCTH
HENTPOHOB B AUCTAHLMOHHOW HEUTPOHHOM Tepanum, CUOUPCKNA OHKONOTMYECKUA XypHan, - Tom
Ne5, - c. 36-41, - 2017;

IAEA TRS-398 Absorbed dose determination in external beam radiotherapy: 5an international
code of practice for dosimetry based on standards of absorbed dose to water: Technical report. —
Vienna: International Atomic Energy Agency, 2000;

C.P.J. Raaijmakers, P.R.D. Watkins and etc., The neutron sensitivity of dosimeters applied to
boron neutron capture therapy, The International Journal Medical Physics Research and Practice,
-T. 23, - p. 1581-1589, - 1996;

A. Buffler, A.C. Comrie, F.D. Smit, H.J. Wortche, Neutron spectrometry with EJ299-33 plastic
scintillator for En = 10-100 MeV, Transactions on Nuclear Science, - Vol. 62, - p. 1422-1428, -
2015;

J. Paepen, F. Schulte, P. Mastinu and etc., Characterisation of plastic scintillators used as an
active background shield for neutron detection, JRCTechnical report, - Belgium, European Atomic
Energy Community, - 2016;

H. Klein, Neutron spectrometry in mixed fields: NE213/BC501A liquid scintillation spectrometer,
Nuclear Technology Publishing, - Vol. 107, - p. 95-109, - 2003;

V.V. Verbinski, W.R. Burrus, T.A. Love, W. Zobel, N.W. Hill, Calibration of an organic scintillator
for neutron spectrometry, Nuclear Instruments and Methods, - Vol. 65, - p. 8-25, - 1968;

FO.A. Kawyk, CUMHTUNNAUNOHHbIE CMEKTPOMETPbI HENTPOHHOrO M raMmma-usnydeHusa ans
OWarHoCTUKN TEpMOSiAEPHON NNasmbl, ANccepTaumoHHas paboTa, - ¢. 198, - 2007.

IX International Competition of COOMET “The Best Young Metrologist”

21-22 April 2021, ONLINE




Secondary standard for the units of alpha, beta emitting
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Abstract

Metrology of ionizing radiation provides reliable measurements in such critical areas of human
activity as scientific research, nuclear medicine, nuclear industry, environmental protection and
radioecology. It so happened that at the head of the system for ensuring the uniformity of measurements
used in the radiometry of alpha and beta radiation of the Republic until now were reference radionuclide
sources of alpha and beta emitting. In this regard, there was a need for periodic removal of radionuclide
sources outside the borders of the country to ensure metrological traceability. Difficulties in organizing
international transportation and physical protection of nuclear and other radioactive materials, the high
cost of transportation of radioactive sources led to the need to develop a radiometric installation used as
a secondary standard for units of radionuclide activity and particle flux, which would meet the
requirements for such standards. The author presents an approach designed to eliminate the risks of
removal and transportation of radioactive sources. The results of work on the creation of a secondary
standard of units of activity of alpha-, beta-emitting radionuclides and the flux of alpha, beta particles are
presented. The paper describes the metrological characteristics of the radiometric installation and the
results of comparison with the UEAP-1 and UEAPP-2 installations from the state primary standard of the
Russian Federation GET 6-2016.

The article presents the results of work on the creation of secondary standard for the units of
alpha, beta emitting radionuclides activity, flux of alpha, beta particles. Its metrological
characteristics and the results of comparison with the UEAP-1 and UEAPP-2 installations of the
structure of the state primary standard of the Russian Federation GET 6-2016 are describe.

The problem of measuring radioactivity arises in many areas where sources of ionizing radiation
are used. Methods for measuring radioactivity found applications in the search and extraction of
minerals, technological processes using irradiating devices, in the operation of nuclear power plants,
in the production of radioactive raw materials, in medicine. One of the main issues of environmental
protection is the control of the content of radioactive substances and their migration in the
atmosphere, soil, vegetation.

The variety of directions where it is necessary to deal with the measurement of radioactivity is
very wide [1].

At the head of the system for ensuring the unity of measurements used in alpha, beta radiometry
of our country until now there were reference radionuclide sources of alpha, beta emitting.
Reference radionuclide sources have traceability to the state primary standard of units of activity of
radionuclides of the Russian Federation, stored at VNIIM D.l. Mendeleev All-Russian Institute for
Metrology.

The tightening of the requirement for the organization of international transportation and physical
protection of nuclear and other radioactive materials, the high cost of transportation of radioactive
sources led to the need to develop a radiometric installation used as a secondary standard for the
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units of alpha, beta emitting radionuclides activity, flux of alpha, beta particles. Which would meet
the requirements of the interstate standard [2]. In this case, the radiometric installation had to meet
the criteria of small size, have a relatively small mass with the ability to measure alpha and beta
emitting sources with an active part area from 1 cm? to 160 cm?®. Based on the above criteria, we
have created a radiometric installation based on the 2ma/p counting method.

The 2ma/B counting method is design to measure the flux of alpha and beta particles and is
implement in our case, based on a proportional 2 counter. In international practice, gas flow
proportional counters used as a national primary standard for calibrating reference radiation sources
[3-4].

Structurally, the radiometric installation consists of a windowless gas flow proportional counter, a
high-voltage power supply, an amplifier, and a pulse counter. The gas flow proportional counter
consists of a multi-wire grid that covers a large sensitive area. The source to be calibrate is
introduce directly into the sensitive volume of the counter. The particle flux emitted by the source is
measure through the ionization of the gas. Ar+CH4 (CH4 - 10%) mixture is used as a filling gas in
the counter.

A W)= l;'Hr|Iﬂ|
[
Ourd—f 77 = ¥ . . . .
i _ Sowoe Figure 1. lllustrative diagram of a windowless gas flow
= proportional counter
Mudsowire | st
grid g

To confirm the compliance of the metrological characteristics of the radiometric installation with
the requirements of secondary standards, the operating parameters and the main metrological
characteristics of the installation were determined, such as operating voltage, dead time, instability
and unevenness of the counter efficiency, measurement uncertainty.

Comparisons with the UEAP-1 and UEAPP-2 units from GET 6-2016 carried out.

To determine the positions of the operating voltages within the plateau of the counting
characteristic, alpha and beta sources put in series in the gas flow proportional counter. The supply
voltage of the counter gradually increased up to the voltage of the beginning of counting, at which
the counting circuit began to register pulses from charged particles.

The results of measuring the count rate used to construct the counting characteristic of the
proportional counter.
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Figure 2. Counting characteristics of the proportional counter for alpha and beta sources
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Based on the results of the counting characteristics, the operating voltages of the gas flow
proportional counter are determined: 1650 V (for alpha emitting radionuclides), 2300 V (for beta
emitting radionuclides).

To determine the value of the dead time, two radionuclide sources of RES selected, each of
which creates a count rate n, s, equal:

0,04
n=n,=—— Q)

T

Where 7 - is the expected dead time, s;

n,, N, is the count rate of pulses from radionuclide sources, s™;

The background count rate of pulses of a gas flow proportional counter ng (s™) previously
measure, followed by the put and accordingly measurement of the count rate from the first
radionuclide source n;. Without changing the position of the first radionuclide source, a second
radionuclide source put with the measurement of the count rate from two n;, radionuclide sources.
The last step of was the measurement of the count rate from the second radionuclide source n, with
the removal of the first radionuclide source.

Dead time calculated using the formula:

. n N, \/(n (p)(n12 - nl)(nz - n(p)(n12 - nz) )
" n1'n2'(n12+nq,)_(n1+n2)'n12'nq>

Based on the results of multiple measurements, at least five values of the dead time calculated

with the determination of the average value.

— 1z
TM = ;Zi:lr“‘” (3)
The standard uncertainty of the dead time measurement calculated using the formula:
-7
U(T )_ MI'T'BX mmin (4)

243

According to the measurement results, the average value of the dead time of the flowing
proportional counter is 2.3 ps. The standard uncertainty in determining the dead time is 0.004 ps.

To determine the instability of a gas flow proportional counter, a radionuclide source with external
radiation of at least 5000 s™ used, with at least 20 measurements of the count rate n, s* and the
measurement time t, 100 seconds.

The relative standard deviation of the arithmetic mean value of the pulse-counting rate is
calculated:

(5)

The standard deviation of the arithmetic mean value of the count rate is - 0.025%.
The relative standard deviation is calculate under the assumption that the scattering of the
measurement results has a Poisson distribution:

S rfYYACC _ 1 (6)

The relative standard deviation of the scattering of the measurement results according to the
Poisson distribution is - 0.022%.
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Standard uncertainty due to counter instability is calculate using the formula:

v=1(8,)" = (8,C)? ()

The standard uncertainty of the counter is 0.01%.

To determine the unevenness of the gas flow proportional counter, an empty substrate with a
working area of 160 cm2 was used, which, in turn, put in the working volume of the counter, followed
by placing a radionuclide source of the RES type in it at positions evenly distributed on the
aforementioned substrate.

Uneven efficiency of the investigated gas flow proportional counter over the area: no more than
0.1%. The standard uncertainty due to uneven efficiency over the counter area is 0.1%.

Comparisons with the UEAP-1 and UEAPP-2 installations carried out using radionuclide sources
of the P9 and CO (Pu-239, Sr(Y)-90) types. At the UEAP-1 and UEAPP-2 installations and a gas
flow proportional counter, the flux of alpha and beta particles from radionuclide sources measured.
The number of measurements from each radionuclide source was at least 10 the time of one
measurement was at least 100 s.

Alpha particle flux Expanded Difference of Convergence of
Installation in solid anqle 21 uncertainty results. % results of
sr., s (k=2),% 70 comparisons
UEAPP-2 861,1 0,6
Proportional 8617 0.6 0,07 0,08
counter
Beta particle flux Expanded Difference of Convergence of
Installation in solid anqle 21 uncertainty results. % results of
sr., s (k=2),% 7P comparisons
UEAP-1 2018 0,6
Proportional 2010 05 0,39 0,52
counter

Figure 3. Results of comparison of a gas flow proportional counter with UEAP-1 and UEAPP-2 units from
GET 6-2016

The expanded measurement uncertainty estimated by the formula: Up =k-u, (8)
Where, 1. is the total standard uncertainty equal to

uo= (G um)* + G u(ng) P+ - m ()P + u(@) +u(®) +ulprar ¥ (9)

Where, u(n)is the relative standard uncertainty of measuring the count rate from the source,
equal to the maximum value of U qp aprge (1) B Unyaces (7).

Uepapman(M) - is the relative standard uncertainty of measuring the count rate according to the
formula of the arithmetic mean

1 (L inj—m)2
Uepapupnl) = 7 _l?'(z_lT (10)
Unyaccas(1) - IS the relative standard uncertainty of measuring the count rate according to the
standard deviation formula according to Poisson's law

1
u [Myaccoes (ﬂ} =

=z an
TE N

v

(11)
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u(ng) - is the relative standard uncertainty of the background count rate, equal to the maximum

value U papras (Ma) M Unaccos (1)
u{wrar) - is the relative standard uncertainty of measuring the flux of alpha and beta particles at

installations from the GET 6-2016.
According to the assessment results, the expanded uncertainty of measurements of the flux of alpha
and beta particles was equal to - 0.6%, with k=2, P=0.95.

The radionuclide activity in the source calculated by the formula: A, =K@, (12)

Where K is the coefficient of transition from flux of particles in the source to activity.

According to the test results, it found that the installation has high metrological characteristics.
The work performed allows improving the measuring capabilities of the laboratory. The installation is
also mobile and solves the problem of transporting radionuclide sources to ensure metrological
traceability of measurements.
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Abstract

Standard samples (RM) are designed to reproduce, store and transfer the characteristics of the
composition or properties of substances (materials), expressed in unit values. Standard samples must be
certified with uncertainty, which ensures metrological traceability. There are two ways to determine
bottom-up and top-down uncertainty. Bottom-up uncertainty definitions are the traditional method that is
used to this day, determining the contribution of sources of uncertainty and using formulas to find the
standard uncertainties, calculates the extended uncertainty with a set probability and coverage factor.
Top-down uncertainty definitions (top-down) are definitions of measurement uncertainty using an
analysis of variance involving several accredited laboratories that have proven their competence. This
method in mathematical statistics, aimed at finding dependencies in the experimental data by examining
the significance of differences in mean values. Dispersion analysis The  definition of top-down
uncertainty is easy to implement and it is easier to cover all the effects.

The relevance of the article. Currently, in the Republic of Kazakhstan, the estimation of
measurement uncertainty using the analysis of variance for a standard sample is not used.

The purpose of the work. Development of methodological bases for improving the
determination of the value of the component in the RM using the analysis of variance.

Scientific novelty or practical (applied) significance. This methodological framework will be
useful for the field of metrology in the development of metrological traceability.

Tasks of the work. Study of the methodology of certification of RM and assessment of
uncertainty.

The essence of the work. The determination of the characteristics of the RM can be performed in
various ways. There are two main ways:

a) determination of characteristics by one method,

b) determination of characteristics by several methods and / or by several laboratories.

In all cases, the measurement methods used to determine the characteristics should ensure
traceability to approved standards, preferably Sl units..

It is required that all measurements are performed on appropriately calibrated / verified equipment,
and the results of these calibrations/verifications can be compared. In particular, when several
laboratories are involved in the measurement, a substance, mixture or solution may be used to verify the
consistency between calibrations/verifications, which makes it possible to demonstrate the validity and
comparability of the results obtained during the various stages of the program.

When choosing the certification method, it is necessary to determine the components of
uncertainty that contribute to the uncertainty associated with the value of the certified parameter.
Moreover, it is necessary that the certified value and its uncertainty can be demonstrated. The choice of
the best method for determining the characteristics of RM depends on both the available methods and
the RM matrix [2].
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There are two ways to determine uncertainty bottom-up (cHu3y-BBepx) and top-down (cBepxy-
BHU3).

The method of determining the uncertainty from the bottom-up (cHu3y-BBepx) can be represented
as follows:

a) express the ratio between the value of the certified parameter (y) and all the input values on
which the parameter value depends mathematically. This relationship includes all the quantities that can
make a significant contribution to the uncertainty of the parameter value, and is called the measurement
model.

b) determine the values of all input values.

c¢) evaluate the standard uncertainty of type A and type B, the estimate of the covariance between
any of the input values.

d) calculate the value of the parameter (y), i.e. the value of the certified characteristic.

e) determine the total standard uncertainty, the coverage factor k, and obtain the extended
uncertainty U [3].

Example: estimation of uncertainty in the measurement of chloride ion content in RM.

The standard uncertainty of measuring the content of chloride ions in RM in accordance with the
mathematical model is due to the following values: from the concentration of the standard sample, the
volume of the flasks, the volume of the pipettes.

We estimate the uncertainty of the content of chloride ions in RM and fill in the uncertainty budget
table (Table 1.1).

Table 1.1 Uncertainty budget

Input value, | The value of | Type Law of | Standard Contribution Extended uncer.,
X; the input | uncer. | distributio | uncer., u(x;) of uncer., | k=2

value, x; n. u;(y)
Cco 1001 mgl/l A HOPM. 0 0
Ac 12 mgl/l B NPSIMOYT. 1,15 mgl/l 1,15 mgl/l
vn 1ml A HOPM. 0 0
Ang +0,02 B Tpeyr. 0,0082 ml 0,0082 ml

0,94 mg/l

An, 10,02 B Tpeyr. 0,0082 ml 0,0082 ml
VK 100 ml A HOPM. 0 0
Ak +0,2 B Tpeyr. 0,082 ml 0,082 ml
Ak, 10,2 B Tpeyr. 0,162 ml 0,162 ml

The content of chloride ions in RM was ¢=(40,0410,94) mg/l, p=95%, k=2.

The following method of determining the uncertainty is top-down (top-down), which is determined
using the analysis of variance (ANOVA).

Variance analysis is a method in mathematical statistics aimed at finding dependencies in
experimental data by examining the significance of differences in mean values. Developed by Fischer to
analyze the results of experimental studies. In the literature, the designation ANOVA is also found
(eng. Analysis Of VAriance).

The essence of the analysis of variance is to study the influence of one or more independent
variables, usually referred to as factors, on the dependent variable.

The variance analysis procedure consists in determining the ratio of systematic (inter-group)
variance to random (intra-group) variance in the measured data. As an indicator of variability, the sum of
the squares of the deviation of the parameter values from the average is used: SS (from the English Sum
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of Squares). The total sum of squares, SStqa IS decomposed into between-group sum of squares SSge
and intra-group sum of squares SSy:
SStotal = SSge + SSwe (1.1)
Here, the intergroup sum of squares SSgg and the intragroup sum of squares SSyg are found
using the following formulas:
SSBG=Z(Xin'chn)2 1.2)
SSwe=n Z(chn'xcp)2 (1.3)
where, Xi, is the value of observations, X, is the average value of observations of the n group, Xc,
is the average value of all observations.
If the variances are equal, then the Fisher F-test is used to estimate the ratio of inter-group and
intra-group variability:
M5pg

F=M5‘p-.=c’ where (1.4)
Msg,f% and MSW,F% (1.5)

Based on this, the value of F should be close to 1 if there are still no statistically significant
differences. The critical value of F is determined by the significance level (usually 0.05 or 0.01) and the
intra-group and inter-group number of degrees of freedom (v). It is quite difficult to calculate, so it is more
common to use table values with the indication a, V'gg V.

Intergroup number of degrees of freedom:
Vge=m-1 (1.6)
m — number of observations per group.
Intragroup number of degrees of freedom:
Vwg=N—m .7
n — total number of observations [4].
Example: Certification of a standard sample with measurement uncertainty estimation using
analysis of variance.
Three laboratories for 4 days measured the content of chloride ions in RM (in mg / 1) are shown in

Table 1.2 below:
Table 1.2 — Measurement data of the content of chloride ions in RM

Laboratory 1 Laboratory 2 Laboratory 3
Day 1 39,6 39,5 40,6
Day 2 40,1 39,5 40,5
Day 3 39,7 40 40,4
Day 4 39,8 41 40,5
Arithmetic mean 39,8 40 40,5

We consider the value of (1.4) of the Fisher criterion, based on the mean squares of deviations
within and between the groups and the corresponding (1.6) and (1.7) degrees of freedom. Using these
formulas, fill in Table 1.3:

Table 1.3 — ANOVA data estimation of RM chloride ion content

Variance SS d; MS F
Between groups 1,04 3 0,35 3,89
Within groups 0,7 8 0,09
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The critical value of the F-distribution for probability 0.05 and degrees of freedom 3 and 8 is
F.=4.07. F<F indicates that the estimated value is correct and the uncertainty can be determined. To do
this, you need to find the variance within the group and between the groups:

Swe=y MSwe (1.8)

See= ’”—S“;”S“’“ (1.9)
where, d — number of groups.

Using these formulas (1.6) and (1.7), we find the variances.
Variance within the group: Sy-z = +/0,35= 0,58 mg/l.

Variance between groups: Sgg = 1..f([II',ES —0,09)/3=0,29 mg/l.
After finding the variance, you can find the uncertainties using this formula:

U=k ’% + Sif (1.10)

The uncertainty in this case is equal to if k=2:

=2 0587 + 2P 0,7 mr/n.
J 3 12

Thus, the certified RM value can be written as C = 40,09+0,7wmr/n.

The results obtained:

Thus, the traditional way of determining uncertainty from top to bottom requires extensive research
to find all the factors and a large risk of not determining the important factors and lead to a complex
equation if many factors are affected.

Variance analysis determining uncertainty from top to bottom is easy to implement and easier to
cover all effects.
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Abstract

A difference between temperature determined by International Temperature Scale (ITS-90) and
thermodynamic measured by relative acoustic gas thermometry has been determined at 79 K and at the
temperature of the triple point of Ar. Measurements were carried out using quasi-spherical acoustic
resonator filled with helium at different pressures. There isotherms were fitted for four different acoustic
modes simultaneously assuming the same thermal accommodation coefficient for all modes. To take into
account the change in the radius and shape of the resonator with a change in temperature, we measured
the frequency dependence of the complex transmittance for the TM11 mode in a resonator evacuated to
a pressure of less than 1 Pa. Temperature measurements according to the current international
temperature scale ITS-90 were carried out using platinum resistance thermometers calibrated at the fixed
points, which are part of the State Primary Temperature Standard of the Russian Federation. Obtained
values of the difference between temperature determined by ITS-90 and thermodynamic temperatures
agrees with previously published data within estimated uncertainty

Keywords: Thermodynamic temperature, acoustic gas thermometry, International temperature
scale

a. Relevance in terms of its scientific and practical meaning

According to the new definition of temperature unit kelvin [1] the unit of temperature is not related
to the temperature of the triple point of water. It is determined by a fixed value of the Boltzmann constant.
In fact, this means determining the unit of temperature through the laws of thermodynamics and
statistical physics. Therefore, primary temperature measurement methods based on these laws should
play a key role in precision temperature measurements. At the same time, the current international
temperature scale ITS-90 is easy to implement and remains extremely important for practical use.
Therefore, measurements of the temperature deviation of the ITS-90 scale T90 from the thermodynamic
temperature T are important, relevant and are carried out in the leading metrological institutes of the
world.

b. Purpose of the paper
The purpose of this work was to present the results of T-T90 measurements at Tq=79 K and
T90=83.8058 K by relative acoustic gas thermometry.

c. Scientific novelty or practical (applied) significance

The measurements were carried out on the apparatus of relative acoustic gas thermometry,
developed at VNIIFTRI. In particular, the method of simultaneous approximation of isotherms for several
modes of acoustic resonance was used to determine the thermodynamic temperature, which made it
possible to reduce the uncertainty in measuring the thermodynamic temperature. To implement this
method, both algorithms for calculating the thermodynamic temperature and algorithms for calculating
the uncertainty of its measurement were developed and implemented. The measurement of the
temperature deviation of the ITS-90 scale from the thermodynamic temperature was the first carried out
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in the COOMET countries after the collapse of the USSR.

d. Tasks
To determine the deviation of the temperature on the ITS-90 scale from the thermodynamic
temperature, the following tasks were solved:
1) Stabilization and measurement of temperature of the ITS-90 scale
2) Determination of thermodynamic temperature by the method of relative acoustic gas thermometry.

e. Description of the paper

The measurement technique is detailed in the article [2]. Below is a brief description of the technique and
equipment.

1. Apparatus.

The fundamentals of the method of acoustic gas thermometry are fully described in [3]. To
implement the method, a resonator of oxygen-free copper was manufactured at FSUE VNIIFTRI. The
shape of resonator is shown in figure 1, By design it has spherical shape of internal cavity with 100 mm
diameter. The resonator consists of two hemispheres. Internal

straight antenna

gas inlet tube

microphone-emitter microphone-detector

Fig. 1 Shape of resonator

surface of resonator was hand polished using special optical pastes. Two microphones were used to
excite and detect acoustic signal. Microphone-emitter was mounted in the “south pole” of the resonator.
Microphone-detector was mounted at 39.20 with respect to microphone-emitter to avoid detection of (3,1)
acoustic mode which can overlap with (0,2) mode used to determine thermodynamic temperature. The
openings for microphones were tightly fitted to the diameter of sensitive part of microphones. The surface
of microphones’ membranes was fitted to the surface of resonator cavity using magnifying loop with the
accuracy better than 0,1 mm. Two straight antenna were mounted in the resonator walls at 450 with
respect to vertical axis in upper and lower hemispheres. Gas inlet tube with internal diameter 1,4 mm
was mounted in the lower hemisphere at 450 with respect to the vertical axis of the resonator. Outlet
opening with 2 mm diameter was made in the upper hemisphere at 450 with respect to the vertical axis.
Two Pt resistance thermometers were mounted in the wall of upper and lower hemisphere at the opposite
sides of resonator center.
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2. Measurement of T90.

Pt resistance thermometers utilized for the measurement of T90 were calibrated by comparison
with the group of Pt thermometers of National temperature standard of Russian Federation in the fixed
points of ITS-90. This group of thermometers was calibrated in the fixed points of ITS-90 and took a part
in the CCT key comparison.

The values of resistance were extrapolated to the zero current by measurements at 0.4 mA and
0.7 mA.

3. Measurement of T.

Thermodynamic temperature was determined for acoustic modes (0,2), (0,3), (0,4) and (0,6) (in

following numbered as 1,2,3,4 using following expression:
_ FollT) fho(Tw)

Tl_wa:D]_(TW}' %D(T} (1)
where | is the mode number, Ty, = 273.16 Kis the temperature of the triple point of water, f.q(T),
f.o1(TyJare the frequencies of acoustic resonance corresponding to ideal gas in the cavity with rigid walls
with zero heat conductivity at T and TW, foo(T), fuo(Tyare the frequencies of electromagnetic
resonance in empty cavity with ideally conducting walls. The determination of frequencies in expression
(1) is described below.
3.1 Microwave measurements.

Microwave measurements were employed to determine variation resonator radii and shape with
temperature. Frequency dependence for mode TM11 was measured in resonator pumped down to the
pressure below 1 Pa. First measurement was performed at the reference point, i.e. triple point of water.
Then frequency dependencies were measured at triple point of Ar and at Tgo=79 K.

3.2 Acoustic measurements and analysis.

Freguency dependencies of acoustic signal were recorded at several pressures of helium p in the
resonator. Before each measurement of the frequency dependence of acoustic signal pressure chamber
with resonator was pumped down to 1 Pa and filled with helium through cryogenic trap (4.2 K) to target
pressure.

Frequency dependencies were fitted by Lorentzian function

The isotherm approximation for different acoustic resonance modes was carried out
simultaneously. For this, the resonance frequencies for different modes were normalized to the frequency
corresponding to the minimum pressure.

4. Uncertainty analysis.

Following origins of type A uncertainties were considered: fluctuations of microwave signal,
fluctuations of acoustic signal, fluctuation of the value of temperature measured by Pt thermometers,
fluctuations of measured pressure [2, 4].

Following contributions to type B uncertainty of T90 measurements were taken into account: type
B uncertainties of Pt thermometers calibration, type B uncertainty of thermometer resistance
measurement, type B uncertainty originating from temperature gradient in the resonator [2, 4]. For type B
uncertainty of T we considered uncertainties originating from pressure measurements, uncertainty of He
molar mass, uncertainty of resonator shape variation.

f. Results
The obtained values of the temperature deviation on the ITS-90 scale from the thermodynamic
temperature are listed in Table 1.

Table 1 T-To values and its uncertainties

Tgo, K T'Tgo, mK U(T—Tgo), mK
83.8058 -4.81 0.93
79 -4.47 0.88
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Fig. 2 T-Tgp values obtained in the leading metrological institutes of the world

For comparison, the figure 2 shows T-T90 values obtained in the world leading metrological
institutes in recent years at the leading metrological institutes of the world in a similar temperature range.

It can be seen that the obtained values agree with the previously published data within the
standard uncertainty.
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Abstract

High-precision time synchronization for remote optical frequency references plays an important
role in basic science and practical applications. Where possible, the solution is to use FOCL. With its
help, it is possible to transmit the frequency from the optical reference in the optical range, transferring it
to the radio range only if necessary at the remote end of the line. An IR laser attached to a cryogenic
resonator can act as a guardian of the optical frequency range, which solves the problem of inconsistent
operation of the optical reference. The ability to remotely compare the time scale in situations where the
use of fiber-optic communication lines is impractical or impossible, in particular, between terrestrial and
space optical frequency reference points, will provide significant progress in fundamental physics and
practical applications, including testing the variability of fundamental constants, general theory of
relativity , dark matter search, geodesy and global navigation satellite systems. The paper proposes an
approach to the use of a laser stabilized by a cryogenic silicon resonator as a storage of the optical
reference frequency in the optical range, which will improve the stability level of the local time scale. An
approach to the use of mobile optical frequency references for carrying out comparisons of time scales in
the absence of FOCL is also considered.

Relevance

High-precision time synchronization for remote optical frequency references plays an important
role in basic science and practical applications. Where possible, the solution is to use FOCL. With its
help, it is possible to transmit the frequency from the optical reference in the optical range, transferring it
to the radio range only if necessary at the remote end of the line. An IR laser attached to a cryogenic
resonator can act as a frequency keeper of the optical range, which solves the problem of inconsistent
operation of the optical reference.

The ability to remotely compare the time scale in situations where the use of fiber-optic
communication lines is impractical or impossible, in particular, between terrestrial and space optical
frequency references, will provide significant progress in fundamental physics and practical applications,
including testing the variability of fundamental constants, general theory of relativity , dark matter search,
geodesy and global navigation satellite systems.

Purpose of work
Synchronization of local time scales of geographically separated metrological centers is not
worse than 1 ns.

Applied relevance

Global trends are leading to increased requirements for the accuracy of the time scales matching,
which forces researchers to look for new methods of their formation. One of the main directions for
solving this problem is the creation of a scale using optical frequency references (OFR) along with
cesium and rubidium reference [1]. The second approach is the use of OFR to correct the hydrogen drift

[2].
We are developing an approach to the use of a cryogenic silicon resonator stabilized laser as a
keeper of the optical reference frequency in the optical range, which will improve the stability level of the
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local time scale. We also consider an approach to the use of mobile optical frequency reference for
carrying out comparisons of time scales in the absence of fiber-optic communication lines.

Work tasks
1. Development of a system for comparison the frequency of a laser stabilized by a cryogenic silicon
resonator using a fiber-optic link used as a frequency keeper in the optical range with hydrogen
keepers.
- stabilization of an IR laser in a cryogenic silicon resonator;
- development of a FOCL scheme.
2. Development of a mobile OFR:
- development of a compact vacuum chamber of an optical spectroscope;
- development of a laser radiation distribution system;
- development of frequency stabilization systems and compact "watch" laser systems;
- placing the created modules in the van.
3. Development of an algorithm for conducting comparisons using mobile OFR.

The essence of the work

Synchronizing time scales is a difficult task that can be solved using different approaches. One
approach is FOCL synchronization using frequency keepers in the optical range. Another approach is the
synchronization of the unit of frequency using mobile ORF [3].
OFR is a complex system in which the applied methods of controlling the states of atoms play an
important role. The OFR device can be divided into several modules:
- vacuum spectroscope. It is a single vacuum system, assembled from the following separate segments:
a source of hot atoms, a collimator section for narrowing the flow of atoms, a Zeeman slower section for
preliminary cooling of atoms, a vacuum chamber, hetero-ion pumps, magnetic coils in the anti-Helmholtz
configuration for forming a magneto-optical trap (MOT);
- laser cooling system. It consists of laser systems of first and second stage cooling for preparing atoms
for loading into an optical lattice, a laser system for forming an optical lattice, a laser system for
interrogating a clock transition, a laser pumping system for increasing the number of trapped atoms;
- laser stabilization system. Consists of a set of laser wavelength meters or similar equipment that allows
precise control of the laser radiation frequency;
- detection system. It consists of an optomechanical scheme for interrogating a cloud of trapped atoms
and a high-precision camera or PMT for photon counting.

Results

The algorithms for the operation of comparison schemes for OFR with hydrogen keepers from the
composition of the primary standard GET 1 - 2018 and the system for comparison by fiber optic lines of
the frequency of a laser stabilized by a cryogenic silicon resonator, used as a frequency keeper in the
optical range with hydrogen keepers of the primary standard GET 1 - 2018, is discussed in detail in [4 ].

At FSUE “VNIIFTRI”, a variant of a system for comparing the FOCL of the frequency of a laser
stabilized by a cryogenic silicon resonator is being implemented, used as a frequency keeper in the
optical range with hydrogen keepers of the primary standard GET 1 - 2018.

The diagram is shown in Fig. 1. The use of the telecommunication wavelength (1.5 ym) makes it
possible to transmit ultrastable signals over fiber lines over long distances.

Usually, two identical fiber lines are built to check the correct of frequency transfer, however, in
our case, this possibility exists due to the simultaneous work of the circuit where the HM18 hydrogen
maser, connected via an optical line to an ensemble of hydrogen masers, still acts as a frequency
keeper.

Such a scheme will make it possible to implement a frequency keeper in the optical range and
compare it with the ensemble of hydrogen masers from the primary standard GET 1 - 2018.

At present, a mobile OFR based on cold ytterbium atoms is being created at FSUE VNIIFTRI. At
this stage:
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- implemented a vacuum chamber of the optical spectroscope, including a pair of magnetic coils
in anti-Helmholtz configuration;

- a laser radiation distribution system was manufactured and tuned, which includes all the
necessary directions for laser cooling and trapping of atoms: first stage cooling in three mutually
perpendicular directions, Zeeman slower, detection, collimating radiation. All necessary detuning
frequencies achieved using acousto-optic modulators. The secondary cooling combined with the
first stage one on a dichroic mirror, after which the balance of the first stage and second stage
cooling capacities realized,;

Silicon cavity

|
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Laser an\gy
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control-2

Polarization
control-1
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Reference 10 MHz

Comparison
system
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Fig. 1. Proposed frequency comparison scheme based on optical frequency keeper: Polarization
control 1, Polarization control 2 — polarization controllers; VCO — voltage controlled oscillator; HM 18, 53
— main hydrogen masers for measurements; AOM-1 — acousto-optic modulator, that suppresses phase
noise introduced by the line; AOM-2 — acousto-optic modulator, provides separation of reflected radiation
from parasitic retroreflections along the fiber that are not shifted by frequency.

- a unique frequency stabilization unit FSU-1 [5] was created, which is an ultra-compact system
used to stabilize the frequency of lasers at 798 nm (laser with a singlet transition before frequency
doubling), 1112 nm (laser with a triplet transition before frequency doubling) and 759 nm (optical grating).
The FSU-1 contains a 10 cm long ULE block with two embedded high-finesse optical resonators, placed
in a compact vacuum chamber. The finesse at 759 nm and 798 nm equals 2 000, at 1112 nm equals
10 000.

- the first version of the compact stabilized clock laser system CLS-1 was created. It contains a
vertical "vibration-insensitive" high-precision ULE resonator 10 cm long, located inside the vacuum
chamber, and doubled in frequency ECDL at a wavelength of 1157 nm. The Q-factor of the CLS-1 ULE
resonator is 120,000. For safe transportation, a mechanical resonator locking system is implemented.

- a system for forming an optical lattice at a wavelength of 759 nm is being prepared.

The standard method for synchronizing time scales is to carry a continuous pps signal source.
The optical frequency reference is not a continuously operating device [5] and, at the same time, the
formation of the pps signal with its help is not trivial [6]. An alternative could be the transportation of a
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continuously operating hydrogen maser, the frequency of which is adjusted according to the OFR [7], but
this approach is unlikely to provide time scale synchronization at a level better than 1 ns.

A promising option is to transport a unit of frequency using an optical frequency reference. We
are developing an algorithm for applying a mobile optical frequency reference in the time scale. At the
first stage, a step-by-step movement of two mobile OFRs is made to the target and back, comparing the
frequencies of the mobile units with each other in order to accurately establish the difference in
gravitational potentials between the metrological centers.w

a)

S o|limation [

..... section - 7 . ~‘»

Fig. 2. Left: a) vacuum chamber of the optical spectroscope, b) cloud of trapped atoms. Right: a)
compact stabilized clock laser system CLS-1, b) frequency stabilization unit FSU-1. Together they take
up a volume of approx. 40 liters with an approximate power consumption of 20 W and a weight of 35 kg.

At the second stage, the mobile OFR is compared with a cesium frequency standard through
measurements with a hydrogen frequency guard.

The third stage of the algorithm is the movement of the mobile OFR from the first center to the
second, where the mobile OFR is compared with the local frequency standard (optical reference,
hydrogen or rubidium fountain). Thus, the local time scale is synchronized according to the transported
size of the unit of frequency of the cesium standard.
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