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Abstract

The paper considers the operation of radioisotope measuring devices under dynamic conditions, when
the Poisson pulse flux at the output of the radiation detector becomes unsteady and the nonlinearity of the
calibration curve of the device, the stochasticity of the radiation signal and the inertia of the meter significantly
complicate the task of estimating the measured physical parameter. of the device and analysis of the possibility
of'its application for linearization of the characteristics of the device, increasing the speed of the devices and
solving the measuring problem in real time.

The process of nonlinear transformation of the radiation signal in the system is analyzed on the basis
of the assumption about the exponential distribution of the intervals between the pulses of the information
flow at the output of the radiation detector. A generalized algorithm for the synthesis of a given transformation
function of a time-pulse computing device of a radioisotope device has been developed according to its
mathematical description. To describe the transformation function given by a set of points, it is proposed to
use its approximation by a power series.

The proposed calculation formulas are verified by modeling in the Scilab program on a specific example
of linearization of the curve of a radioisotope altimeter with a given tabular calibration characteristic.
The results obtained confirm the expediency of using time-pulse computing devices for linearizing
the conversion curve of radioisotope devices in real time.

Carrying out calculations according to the proposed algorithms by means of modern microelectronics
opens up new possibilities for expanding the field of application of radioisotope devices in dynamic problems
of industrial flaw detection, measuring the parameters of object movement, thickness of rolled products
and coatings, in devices for continuous monitoring of liquid media.
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HesuHeirHOEe BpeMAMMITYJIbCHOE NIPeodpa3oBaHue
B PaJIMOM30TOINHBIX NPUOOPAX: AaHAJIU3 U BO3MOKHOCTH
NpUMEHEHUSs

A.M. Boaoso3os

Bonoeoockuti cocyoapcmeenuvlil yHugepcumen,
ya. Jlenuna, 15, 2. Bonoeoa 160000, Poccus

Hocmynuna 09.03.2021
Hpunama k neuamu 18.05.2021

Paccmotpena paboTa pagroOM30TONHBIX U3MEPUTEIILHBIX PUOOPOB B IWHAMUYECKHX YCIOBHUAX, KOTIA
ITyaCCOHOBCKUI MOTOK MMITYJICOB Ha BBIXOJE JETEKTOPA M3ITyYEHHUs] CTAaHOBUTCSI HECTAIMOHAPHBIM, a He-
JMHEHHOCTH TPalypPOBOYHOM XapaKTEPUCTUKU MPUOOPA, CTOXaCTHYHOCTD PAAMAlMOHHOTO CUTHAJIA U HHEp-
HUOHHOCTh U3MEPHUTENS CYIIECTBEHHO YCIIOKHSIOT 3a/a4y OLEHKU H3MEpseMOoro (U3NIecKoro napamerpa.
Lenpio paboThl sBIISIACH pa3pabOTKa alTOPUTMOB HEJIMHEHHOTO BPEMSIMMITYJILCHOTO MPeoOpa3oBaHus ITy-
ACCOHOBCKOT'0 MpoILecca B CTPYKTYPE PaJioM30TOITHOTO MpHOOpa M aHAIN3 BO3MOKHOCTH €ro0 MPUMEHEHHUS
JUTSL TUHEApHU3allii XapaKTEePUCTHKH IPUOOpa, TOBBILICHHUS OBICTPOACHCTBHSI IPUOOPOB U PELICHUS U3MEPH-
TEJIbHOM 33/1a4M B PEKUME PEaTbHOTO BPEMEHH.

[Ipoananu3upoBaH NpoLECcC HEMMHEHHOro MpeoOpa3oBaHus PaAUaIOHHOTO CUTHANIA B CHCTEME Ha OC-
HOBE TMPEIIOIIOKEHUS 00 SKCIIOHCHIIMAILHOM PACHpe/ICIICHUN UHTEPBAJIOB MEXIy UMITylIbcaMu HH(opMma-
MOHHOTO MIOTOKA Ha BBIXOJIE IeTEKTOpa n3nyueHus. Pazpaboran 0000IEHHBIN alrTOpUTM CHHTE3a 3aJaHHON
¢GyHKIMH TpeoOpa3zoBaHusl BPEMSUMITYIBCHOTO BBIYMCIUTEIBLHOTO YCTPOMCTBA PaJHOM30TOITHOIO Nprudopa
no eé MareMaTHueckoMy omucaHuio. [y onmucanust QpyHKIMH NpeoOpa3oBaHUs, 33JaHHOW MHOXXECTBOM
TOYEK, MPEATIAraeTcs HCIOIb30BaTh €€ alMPOKCUMAIIUIO CTEIIEHHBIM PSIOM.

[Ipennoxenusle pacuéTHbie (HOPMYIBI TPOBEPEHBI MOJACIMPOBAHUEM B IIporpamme Scilab Ha KOHKpeT-
HOM NpUMEpE JMHEApU3ali XapaKTEPUCTHKH PaJUOU30TOITHOTO BBHICOTOMEPA C 3aJaHHON TaOIM4YHO Tpa-
JIyUPOBOYHOM XapakTepucTukoi. [TomydeHHbIe pe3ynbraTsl MOATBEP)KAAIOT IeTIECO00pa3HOCTh HCIIOIb30Ba-
HUS BPEMSAUMITYJIbCHBIX BBIYMCIUTENBHBIX YCTPOUCTB JUIs JINHEapU3allui XapaKTePUCTUKHU ITPpeoOpa3oBaHms
PanMoON30TONHBIX IPUOOPOB B PEIKUME PEATTLHOTO BPEMEHH.

[IpoBenenne BeIYMCIEHUN IO MPENIOKEHHBIM aJITOPUTMaM CPEJCTBAMU COBPEMEHHOM MHUKPOAIEKTPO-
HUKH OTKPBIBAET HOBBIC BOZMOKHOCTH AJISI pacIIUpeHust 00IaCTH MPUMEHEHUS! PaliOU30TONHBIX TPHOOPOB
B IMHAMUYECKHX 3aJja4ax MPOMBIIUICHHOH Ae(eKTOCKONNH, U3MEPEHNUS TapaMEeTPOB ABHKECHUSI 00BEKTOB,
TOJIIIMHBI TPOKATa U MOKPHITHI, B YCTPONHCTBaX HEMPEPHIBHOTO KOHTPOJIS KHUAKUX CPE.

KawoueBble ciaoBa: paJuoW3OTONHBIA MPUOOP, HENIMHEWHOCTh, JMHEApHU3alusl, SKCIOHEHINAIBHOE
pacripeneneHne, BpeMsIMMITYJIbCHOE IPeo0pa3oBaHue.
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Introduction

In severe operating conditions, radioisotope
measuring devices such as thickness gauges,
altimeters, density meters, level gauges, often
significantly  outperform  their = competitors,
which use different physical principles to solve
the problem. Despite the radiation hazard and
the complexity of operation, they still remain
indispensable in solving numerous problems in
the field of non-destructive testing of complex
technological processes [1-6].

All radioisotope devices use an indirect
measurement method. In them, the desired value
of the measured physical parameter is determined
based on the transformations of the radiation
detector signal associated with the measured
physical quantity of the nonlinear calibration
curve. The calibration curve in such devices is
established experimentally or theoretically based
on the results of studies of physical processes
in static operating modes. The output variable
of the calibration curve is the intensity (average
frequency) of the pulse stream formed at the output
of the ionizing radiation detector. The latter is
considered to be the simplest Poisson flow with
the properties of stationarity, ordinariness, and
absence of aftereffect.

In the existing practice of constructing
radioisotope measuring devices [1-2,7], the
measurement process is reduced to assessing
the flux intensity A followed by calculating the
nonlinear function of the reciprocal calibration
curve of the sensor. The estimation of the flow
intensity, in turn, is performed by quantizing the
process in time and counting the number of fixed
pulses N for the selected quantization interval T
according to the formula A = N/T. The quantization
interval T is selected based on the requirements
for the value of the statistical error of the meter.
In accordance with the assumptions about the
Poisson distribution of the information signal,
the statistical error of this information processing
process is inversely proportional to the duration
of the quantization interval. A typical conversion
algorithm is valid for slowly changing processes
and is completely unsuitable for measurements
under dynamic conditions when the measured value
changes over time.

In dynamic modes, the operation of
a radioisotope measuring device changes
significantly, the flow of pulses at the detector

output becomes unsteady, and in a typical signal
processing process, many contradictions appear,
leading to distortion and loss of information in the
channel. In this case, it is necessary to consider
not the intensity (average frequency) of the
random flow, but its instantaneous density as the
information parameter of the Poisson flow. The
estimate of the flow intensity carries a dynamic error
associated with averaging the process over time.
Here a conflict arises between the requirements for
minimizing the statistical and dynamic errors of
the meter, since the dynamic measurement errors
always increase with an increase in the quantization
interval [8].

If we assume that the time-varying input
variable (measurable value) has a limited
spectrum, then, according to the Kotelnikov—
Shannon sampling theorem [9], it can be
absolutely accurately represented by a set of
individual values (samples) following at equal
intervals, provided that the repetition rate of these
samples is at least twice the upper limit of the
signal spectrum. Based on this position, it would
be possible to choose the quantization interval in
the system according to the formula 7'< 1/2f,, ..,
where f,,. 1s the maximum frequency in the
spectrum of the useful signal.

However, the nonlinear transformation
inherent in the calibration curve of the device
significantly expands the spectral composition of
the information signal towards higher harmonics,
the problem of determining the upper limit of the
spectrum f,,., becomes dependent on the type of
nonlinearity and, for this reason, difficult to solve.
For these reasons, the requirement to linearize
the static characteristics of a radioisotope meter
used to estimate the parameters of objects under
dynamic conditions can be considered mandatory.
The problem of linearizing the characteristics of
radioisotope measuring systems is formulated
similarly to the same problems in systems of other
types — when processing a radiation signal, it is
necessary to calculate the conversion function in
real time, which is reciprocal to the calibration
curve of the meter. The article proposes to solve
this problem using the methods of pulse time
conversion, which provides fast calculations in
real time.

The purpose of the research was the
development of algorithms for the nonlinear pulse-
time transformation of the Poisson process in the
structure of a radioisotope device and the analysis of
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the possibility of its application for linearization of
the characteristics of the device.

Pulse-time transformation of the Poisson
process

The maximum operating speed of a
radioisotope meter can provide a transition from
counting pulses at the output of a radiation detector
to measuring time intervals t between pulses, as
is done in computing devices that perform time-
to-pulse conversions [10]. In such calculators, all
conversions are started at the moments when each
new pulse appears at the output of the radiation
detector and are performed as a function of the
measured interval f. As a result, with further
averaging, calculations in the function of the flux
intensity A can be replaced by calculations in the
function of the average time interval T = 1/A.

The time intervals ¢ between the pulses of the
Poisson flow are random quantities obeying the
exponential distribution law [11]:

p(t) =Aexp(—At) = exp(—t /1) /7, (1

where p(?) is the probability of occurrence in the
stream of pulses of the interval ¢; A is the flow rate;
t=1/A is the average value (mathematical
expectation) of the intervals between pulses.

Pulse-time conversion of a stream implies that
the calculation of a given nonlinear function is
performed at the moments of occurrence of each event
without any signal filtering. In this case, the filtering
problem is solved after a nonlinear transformation
and is reduced to evaluating the mathematical
expectation of the signal at the output of the time-
pulse converter. The mathematical expectation of the
signal at the output of the nonlinear converter F(t)
can be calculated by the formula:

F(o)= [ p(o) /@, )
0

where f(¢) is a nonlinear function calculated by the
time-pulse converter in each interval .

Equations (1) and (2) give a general formula for
calculating the conversion function of the pulse-time
converter:

F@ = ] fOexp(-/ Dt = Lif @), 3)
0

where L{f(f)} is the Laplace transform of the
function £(¢).

In this case, the function f(¢) acts as the original
of the Laplace transform, and the construction of
a time-pulse computing device is reduced to the
search for the original f(f) according to a given
mathematical description of the transformation
function F(t). For a number of specific functions,
this problem can be solved directly using the tables
of Laplace transforms [12] using the shift, similarity
theorem and damping theorems.

Practical implementation of the algorithm

Unfortunately, the physical theory of the
interaction of radioactive radiation with matter does
not provide sufficient solutions that would meet the
technological requirements of modern production
with an acceptable error. The calibration curve of a
radioisotope device, which describes the dependence
of the intensity of the pulse flux at the output of the
radiation detector on the measured parameter of the
material, is associated with complex processes of
multiple reflection and absorption of radiation in the
substance and, for this reason, is always nonlinear.
A common way to describe the transformation
function of the information processing in a
radioisotope device is its direct experimental
calibration, and to select a more or less adequate
calculation model of the transformation function
F (1), the mathematical apparatus for approximating
experimental data is used.

Here the most important is the problem of
choosing a class of a suitable approximating function
that can be implemented by means of a pulse-
time conversion takes into account the previously
obtained equation (3). Equation (3), which contains
the Laplace transform, is valid only for linear and
nonlinear functions f(¢) satisfying the conditions
for the existence of an image: for functions with
real and zero poles, integrable on any finite positive
interval of the ¢ axis; taking zero values for all
negative values of ¢ and increasing no faster than
the exponential function. Of the set of functions
satisfying these conditions, the most interesting
is the power transformation function F(t)=1", to
which the original also corresponds in the form of a
power function f(7) = t"/n!. Therefore, the solution
to the problem can be an approximation of the
transformation function of the computing device
F (1) with a power series:

K
F(= Y, a,t", )

n=0
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where the number of terms of the series K and its
coefficients a,(n = 0...N) are determined by the given
error and the chosen approximation method.

To implement the transformation according
to equation (4), it is necessary to use a time-pulse
device, which reproduces the function in the form of
a series in each cycle of calculations:

& I n
f= ;O;t : (5)

Linearization of the characteristics of a
radioisotope altimeter

As an example of using the proposed
technique, let us consider the problem of
linearizing the characteristics of a radioisotope
altimeter, for which the dynamic mode of
operation is relevant. The calibration curve of
the altimeter A(H) is given in [13]. The meter
operates in the range of heights H = 0.5+9 m with
changes in the pulse flow intensity in the range
A =500+5000 Hz (Figure 1).
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Figure 1 — Calibration curve of a radioisotope altimeter

The transformation function of the computing
device F'(t) in the form of a power series (4) of the
third order with coefficients a, = —2.66, a, = +16.64,
a, =-9.43, a; = 2.02 calculated on the given dataset
using the least squares method and is shown in
Figure 2.

The simulation of the pulse-time conversion
process was carried out in the Scilab program [14],
where a set of random intervals with an exponential
distribution was generated, processed according to
formula (5) and filtered subsequently. Figure 3 shows
the linearized meter response obtained by averaging
over 1000 tests.

Intensity F'(t) (kHz)
~
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Figure 2 — Pulse-time converter conversion function
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Figure 3 — Linearized altimeter curve

The altimeter curve formed as a result of the
research is linear, which proves the validity of the
hypothesis about the possibility of using the pulse-
time conversion of the radiation signal to linearize
the meter curve.

Conclusion

The results obtained confirm the possibility of
using time-pulse functional converters to linearize
the conversion curve of radioisotope measuring
devices in real time. Carrying out calculations
according to the proposed algorithms by means of
modern microelectronics opens up new possibilities
for expanding the field of application of radioisotope
systems towards dynamic measurements in problems
of industrial flaw detection, in devices for measuring
the height, thickness of rolled products, thickness of
coatings, in continuous liquid media monitors, etc.
At the same time, the issues of implementing the
proposed algorithms by means of microprocessor
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technology and controllers thatare part of radioisotope
devices and solve the problems of filtering a useful
signal become relevant.
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