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Abstract

The article created a model of the primary converter - a gamma radiation sensor. It is based on the following
properties of a semiconductor crystal: maximum quantum efficiency; maximum mobility of charge carriers;
minimum density of structural defects; maximum values of resistivity and density. The combination of these
properties provides a significant sensitivity of sensor with the minimum size of crystal. The inconsistency of
such a combination must be eliminated both in the process of manufacturing a crystal (for example, a high-
resistance crystal can be obtained by the simultaneous use of cleaning, components, and compensating
doping) and subsequent processing by the methods proposed in this work (thermal field method, ionization
annealing).

Among the known materials for gamma radiation sensors, single crystals of Cdx-Zn1-xTe solid solutions
have the optimal combination of the above properties and possibilities of their preparation.

The advent of modern semiconductor sensors for the first time linked nuclear instrumentation and
electronics into a single complex - a semiconductor detector. It combines a semiconductor primary converter
of ionizing radiation (sensor), a secondary converter of information from the sensor (electronics) and
software for processing this information, interconnected in terms of problem being solved and parameters.
However, the development of nuclear energy and the spread of nuclear technologies have put forward new
requirements for the control and metrology of ionizing radiation. The current level of nuclear
instrumentation cannot fully satisfy them. The solution to this problem can be provided by the development
of: methods for choosing the optimal type of semiconductor materials and controlling their properties to
create uncooled detectors; sensors with higher resolution; electronics with lower noise level; computer
methods and information processing programs with lower estimated costs; control systems for nuclear
materials and the state of AES protective barriers that meet the requirements of the existing automatic
control of radiation safety (ARS).

This article is devoted to the solution of such problems, which ensures the relevance of its topic. The main
principle of solving the named scientific problem was results of nuclear-physical studies of the interaction
of ionizing radiation with semiconductors, the development and experimental verification of physical-
mathematical models of technological processes dosimetry and control of nuclear materials.
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Introduction

Currently, almost all industries, many branches of science use sources of ionizing radiation (IR).
Widely used in the defense industry, medicine, agriculture are nuclear power plants, gamma-ray
plants of various capacities, flaw detectors, counters and many other equipment. However, the most
important branch of the use of IR in Ukraine after the elimination of the combat nuclear potential is
nuclear energy [1]. The country has five nuclear power plants (NPP) with two types of reactors, which
generate about 40% of the country's total electricity [2].

In this regard, the problems of dosimetry, which today has become an independent scientific and
technical area of nuclear physics, are becoming increasingly important. Dosimetry inherently solves
the problem of relating physical quantities to the expected radiation effects of IR application. The
main task of dosimetry is to identify sources of IR that pose a danger to the environment and humans.
Today, it is solved using a variety of technical means of registration with varying degrees of
efficiency. Comparative analysis of such means and methods of their application for registration and
dosimetry is presented in this section [3]. In addition, the existing variety of terms and values in this
industry requires some clarification in order to convey the reliability of the presented research results.

Materials and methods

The use of digital signal processing in gamma-ray spectrometers makes it possible to provide higher
resolution, stability, and load capacity (input load) compared to analog methods [4, 5]. The modern
elemental base of electronics makes it possible to convert the signal immediately after the
preamplifier. Therefore, methods of direct processing sequence of input pulses are interest, in contrast
to the methods of analog-to-digital conversion, which are typical for analog equipment [6]. The
construction of the energy spectrum in a gamma spectrometer involves the selection in the input
sequence of pulses with a leading edge duration within specified limits (about 20 ns for high-
temperature semiconductor detectors [7, 8]), determining their amplitude and constructing a
histogram that will show how many pulses and with what amplitude received at the input for a given
time. The most crucial moment of this procedure is the determination of the amplitude of the input
pulses.

The purpose of the spectrometric amplifier is undistorted transmission and amplification of the
amplitude of the input signal, and not its shape or rising edge. Therefore, appropriate circuits need to
select such a form of the frequency response of amplifier, in which the main frequency spectrum of
the signal passes, but the noise spectrum is limited as much as possible. These requirements are
contradictory, since the maximum signal gain requires a wide bandwidth, while for noise suppression,
the bandwidth must be narrow. You can find the best forming circuits if you use some of the
conclusions of the theory optimal radio reception methods developed by V. A. Kotelnikov et al. [9,
10, 11].

It is theoretically shown that the maximum signal/noise ratio in this case is achieved at equal
integration and differentiation time constants 7 z=7gc =7 . In this case, the noise level is minimal

at some optimal time constant 7o
70=C\RsRp - (1)

Then the noise level at the amplifier output is determined by the integral expression:
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One of the important characteristics of the sensor is level of parasitic components of the signal - noise
that is not related to the physical processes of interaction crystal with IR. The noise level determines
the minimum threshold for detecting IR energy.

The conversion of the energy lost by the particle in sensor into an electrical signal of the appropriate
amplitude occurs with an accuracy characterized by the resolution of system. The latter depends on
many reasons, in particular, on the properties of amplifier. Indeed, since the amplitude of signal
generated by a semiconductor sensor is small, the distortion of amplitude spectrum is due, first of all,
to the modulation of noise pulses that occur in it and in the resistances. Randomly adding up with
useful signals, the noise "blurs™ the original amplitude spectrum. The amplitude distribution of noise
is Gaussian:

1 2
U)= . 20 , 3
)= 5n® ©

where #2 —variance or mean square deviation of the amplitude U; from the mean value U .

Let us assume that all other factors distorting the signal amplitude spectrum are negligible compared
to the effect of noise and register monochromatic charged particles that leave all the energy in the
sensor. In this case, the measured spectrum of signal amplitudes is also determined by expression (3).
However, now U — is the average amplitude of the signal, and o is determined by the noise, with &

equal to w/U_n2 =U, voltage of the noise. The width of the curve at half maximum is called the

resolution EA. By substituting the value p(U):%p(U) into equation (3), it is easy to obtain
2

lAzzlgeg. By measuring the resolution in units of energy (in electronvolts), one can determine
2

which part of the energy corresponds to the noise level recalculated to the input of a given amplifier
[12, 13, 14].
The absolute value of capacitance Cq , as well as parasitic capacitance Cg, largely determines the

noise level, and with it the energy resolution of the charge-sensitive preamplifier. The current flowing
through the leakage resistance Ri is another source of noise, which also leads to poor energy
resolution.

Results

The presented model of the primary converter makes it possible, taking into account the real
properties of the crystal, to calculate the dependences of the energy equivalent noise on the time
constant of the input stage of the preamplifier (Fig. 1).

The use of digital signal processing in gamma-ray spectrometers makes it possible to provide higher
resolution, stability, and load capacity (input load) compared to analog methods [12, 13]. Figure 4
shows an off-scale image of a typical segment of the preamplifier output signal containing two pulses
[11]. The duration of the leading edge of a single pulse is — At=20 ns, the decay constant of the

trailing edge is — « =20 mks. The amplitude is expressed in ADC increments. The simplest first way
to determine the impulse amplitude in such an input sequence is to find the difference between the
local minimum and the subsequent local maximum. Let's introduce the following designations of the

input signal: f,(t) - function describing the fall of the first impulse; f,(t) — function describing the
decay of the second impulse.
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Fig. 1 Dependence of noise (%A ) on the charge formation time for the spectrometric path with
CdZnTe sensors with a volume of 1 and 10° sm
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Fig.2 Analysis of the structure of a typical fragment of the input pulses of the preamplifier

Then, according to the first method, the amplitude of the second pulse is found as:

A=, t)- ft)

where '[3 and t2 — times indicated in figure 2.

True pulse amplitude:

A= folts)— falts).

Hence, the error in determining the amplitude is:

dA=A— A*=f(t,) - fy(t3).
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Figure 4 shows a plot of the mathematical expectation of the error depending on the download

frequency for 4=700, At =20 .107° g 0= 20-107% s. It can be seen from the graph that the error
at a loading frequency of about 10°s? can reach 1-2%.
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Fig. 3 Dependence of the expected error on the load frequency when determining the pulse
amplitude by the method of its direct measurement between minima and maxima

This error can be avoided if we assume that the coefficient o depends on the sensor and preamplifier,
i.e. is a constant value for a particular spectrometer and can be determined empirically. In particular,
using the notation in fig. 3, we get:

p Al |”(f1(t1))gt|n(f1(t2)). 0

Then the formula for the second method of determining the amplitude takes the following form:

A= fylts)—e T fi(ty). (8)

The price to pay for the increase in accuracy in this method is an increase in the amount of
computation. This must be taken into account when constructing spectrometers operating in real time.
For a more complete comparison of the resolution methods described above, based on the model
developed above, the process of measuring the pulse amplitude was simulated.

In this work, for the first time, an algorithm and a program for constructing the energy spectra of
gamma radiation were created on the basis of above model. The spectra were constructed using the
first (Fig. 3, 4) and second (Fig. 5, 6) methods.
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Fig. 3 Energy spectrum of pulses when using the first method for determining the amplitude

In the model, the input signal is an additive mixture of two independent Poisson pulse sequences and
background noise:

— first sequence 41=698, At =20 .107° g a=20- 10°° s

— second sequence 4>=700, At =20-10"° g a=20- 107° S
The time intervals between pulses were random and had an exponential distribution density:

P(t)=A-e™, 120 (9)

with flow A = 2 -10° rate. The total download frequency, taking into account background, is 10® Hz.
The simulated sampling rate in time is 108 Hz, the number of amplitude quantization levels is 1024,
the simulated measurement time is 1 ms.

It can be seen from a comparison of figures 4 and 6 that the first method, unlike the second, does not
allow resolution of spectral lines that are separated from each other by a value comparable to the
calculated error.

At the same time, the use of the digital signal processing technique proposed in this work makes it
possible to obtain an energy resolution not exceeding 40 keV by both methods. This is sufficient to
create a dosimeter with compensation for the energy dependence of sensitivity (ESD). In addition,
these results show that the second method is optimal for creating high-resolution spectrometers - less
than 10 keV.
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Fig. 4 A fragment of the spectrum shown in Figure 4, on an enlarged scale
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Fig. 5 Energy spectrum of pulses when using the second method for determining the amplitude

Thus, a comparison of two methods for determining the amplitude showed that at a low loading
frequency (<10° s?), the first method is preferable: it is characterized by a smaller amount of
calculations with the same accuracy characteristics. At high loading frequencies (of the order 106 s
and more), preference should be given to the second method, which retains its accuracy and
resolution.

In addition to the method for determining the amplitude of the pulses, the resolution of a digital
gamma spectrometer is significantly affected by the choice of sampling frequency.

At a sampling frequency of 10 MHz and higher, the shape of pulse peak in the sampling interval can
be considered triangular (Fig. 7).
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Fig. 6 Fragment of the spectrum shown in Figure 6, on an enlarged scale
The dependence of the amplitude of the maximum sample on the sampling frequency is shown in

figure 7, where, for definiteness, the true amplitude of the input pulses is taken equal to 700 ADC
quantization levels.
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Fig. 7 Dependence of sampling error on its frequency

The plot of the expected amplitude of the maximum sample shows the location of the peak on the
energy spectrum. As the sample rate increases from 10 to 100 MHz, the amount of peak reduction
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from true (700) decreases from 1% to 0,1%. The deviation boundaries characterize the peak width in
the spectrum, which affects the resolving properties of the spectrometer.

Thus, the model obtained makes it possible to estimate the influence of the sampling rate on the shift
of the energy spectrum peaks and the resolving properties of the spectrometer when choosing the
parameters of its hardware implementation.

When using direct digital processing, high resolution is achieved through efficient use of ADC bit
depth.

The leading edge of the pulses is determined by the current generated movement of electrons and
holes in the sensor, the trailing edge is determined by the constant discharge of the RC circuit in the
preamplifier, and the constant component is determined by the large decay of the trailing edge of the
pulse (about 20 us) compared to the average pulse repetition limit.

Therefore, in order to effectively use ADC bit capacity, DC component must be subtracted from its
input signal. The dynamic range of the signal change must be consistent with the diagnostic range of
ADC. To solve this problem, an appropriate scheme of a digital spectrometer is proposed.

In this circuit, the processor, based on the analysis of signals from ADC, sets the necessary gains for
the first buffer amplifier and the bias for the adder.

The maximum gain in KU1 is chosen so that when measuring the minimum background, the signal
at ADC input corresponds to its dynamic range. The minimum value of the gain must match the input
signal with the dynamic range of ADC at the maximum frequency of loading with pulses of the
maximum possible amplitude and zero offset.

Therefore, the spectrometer circuit must take into account the features of the output signal of the
preamplifier, a typical view of which is shown in figure 8.
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Fig. 8 Typical preamp output

It shows that when the loading frequency changes, the signal amplitude at preamplifier output
increases by an order of magnitude. Based on this graph, the amount of offset should be able to change
from zero to the amount of expected amplitude at a given load frequency. Similarly, the minimum
gain should ensure that the signal is quantized with the maximum amplitude expected, with no
clipping effects in the ADC and zero bias for the adders. In particular, if we proceed from the
maximum amplitude of single pulses A = 700, the maximum loading frequency of 10° s 100 times
(here, it is additionally taken into account that the average value of the amplitude of a series of pulses
is an order of magnitude less than the maximum amplitude of single pulses).
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Conclusions
1. The model of the primary converter (sensor) makes it possible to calculate the dependence of the
energy equivalent of noise J on the properties of the input stage of preamplifier, taking into account

the real properties of the crystal. This shows that:

— increase in the crystal volume, bias voltage and sensor capacitance increases the noise level;

— results of the analysis in relation to CdZnTe-crystals used in this work indicate the possibility of
the sensor operation without cooling.
2. A model of a gamma radiation detector as a single system of primary and secondary converters has
been created in this work. It contains a physical analysis and an analytical representation of the
processes occurring in CdZnTe-sensor and electronic preamplifier. It is shown that the collection of
charges in the sensor differs in time, which leads to a spread of signal pulses in duration and
amplitude. In this regard, the model shows the need to use a charge-sensitive preamplifier. The main
advantage of the model is the solution of the problem of optimizing the signal/noise ratio in the
detector. This shows that:
— energy resolution of the charge-sensitive pre-amplifier is determined by the level of noise, which
depends on the capacitance of the sensor, and hence on the bias voltage and the quality of the crystal;
— in order to obtain the maximum signal-to-noise ratio, it is necessary to choose the frequency
response of the spectrometric path according to the theory of optimal filtering by V.A. Kotelnikovs;
for this, filters of both low and high frequencies are necessarily included in the path; thus, the simplest
shaper of a spectrometric amplifier should consist of a CR-RC filter; optimal shaping gives a
signal/noise ratio gain of 26% compared to simple shaping.

3. Reducing the contribution of noise when using sensors with large crystals (more than 10x10x5
mm) in the detector, with a significant difference in the transport characteristics of charge carriers at
high loads (>10° c) is possible using digital signal processing methods.

The paper proposes a block diagram and creates a multichannel digital amplitude analyzer that
provides selection of the input signal according to the pulse shape at high loads, which is inaccessible
to existing devices today. The use of such an analyzer made it possible to increase the energy
resolution, the stability of the detector operation with an even greater increase in the input load of the
measuring path.

4. A model of a digital spectrum analyzer has been built, which makes it possible to determine the
optimal method for measuring the pulse amplitude in order to create a gamma-spectrometer with
maximum resolution. On the basis of the model, for the first time, an algorithm and a program for
modeling the energy spectra of gamma-radiation were created.

The model compares two proposed methods for measuring the pulse amplitude:

— both methods make it possible to obtain an energy resolution of no more than 40 keV, which is
sufficient to create a dosimeter with compensation for the energy dependence of sensitivity;

— the first method has an accuracy of 1 ... 2%, lower computational costs and is preferable at a low
loading frequency (<10° ¢%);

— the second method makes it possible to obtain a resolution of less than 10 keV and is preferable
for the spectrometer operation at a loading of more than 106 ¢,
The created model makes it possible to choose the optimal value and evaluate the influence of the
sampling rate on magnitude of the shift energy spectrum peaks and resolution of gamma-
spectrometer.
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MOJEJTIOBAHH JIETEKTOPA 3 BUKOPUCTAHHSIM TBEPAOTI'O PO3YUHY CA-ZN-TE
JJIs1 CUCTEM PAATAINIMHOT'O KOHTPOJIXO

Anomauin

Y cmammi cmeopeno moodenv nepeunnozo nepemeoprosaua — 0amuuKka 2amma-eunpomintoeants. Boua
[PYHMYEMbCA HA HACMYNHUX 6/1ACHUGOCMAX KPDUCHANA HANIGNPOGIOHUKA: MAKCUMAIbHA KEAHMO6A
ehekmusHicmb; MAKCUMATIbHA PYXTIUBICHb HOCIT6 3apaldy; MIHIMAIbHA 2yCMUHA 0eheKmie CIpyKmypu;
MAKCUMATbHI 3HAYEHHA RUMOMO20 onopy ma wiinvnocmi. Iloeonanna yux eracmueocmeil 3ade3neuye
3HauHy yymaugicmev Oamuuka npu MmiHimanvHux pomipax kKpucmana. Cynepeunugicms maxoz2o
HOEOHAHHA HeOOXIOHO ycysamu AK Yy NPOUeECi 6U20MOGIEHHA Kpucmaaa (HaAnpuxiad, 6UCOKOOMHUI
Kpucman ompumyeamu O0OHOUACHUM 3ACHOCYBAHHAM OUUWLEHHA, KOMNOHEHMI6 Ma J1e2y6aHHs, W0
KOMNEHCYE), MaK i OOanbuion o0pooKoro 6 uiii pobomi memooamu, w0 3anponoHo6ani (Mepmonoabouil
Memoo, ioHI3ayiliHuil 6ionat).

Ceped gidomux mamepianie Ona OAMUUKIE 2AMMA-GUNPOMIHIOBAHHA ORMUMATLHUM NOEOHAHHAM
nepepaxoeanux euuie 61ACMUE0CMEN | MOHCTUBOCHAMU IX OMPUMAHHA MAIO b MOHOKPUCIMATU MEEPOUX
po3uunie Cdx-Znl-xTe.

Ilosea cyuacnux HanienpoGiOHUKOBUX OAMHUUKIE ynepuie noe'a3ano sadepHe npunadodyoyeanHs ma
eN1eKMpPOHIKY 6 €OUHUIl KOMWIEKC — HANIGNPOGIOHUKOGUII O0eMmeKmop. Y HboMy ROECOHYIOMbCA
63aemonoe’azani 3a 3aoauero, w0 po3e’a3ycmvca ma nNApamMempamu HanienposioHUK06020 NEPEUHHO20
nepemeopioeaua ioHizy0u020 6UNPOMIHIOBAHHA (0AMUUK), BMOPUHHO20 nepemeoprosayia iHgopmauii 6io
damuuxa (eneKmpoHika) ma npozpamue 3abenevyenns 0nsa 00poodKu yici ingpopmayii.
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Oo0Hak po3eumoK amomuoi eHepzemuKu, NOUWUPEHHA A0EPHUX MEXHONO02I UCYHYNU HOBL 8UMO2U 00
KOHmMPOJII0 ma Mempoozii ionizyouux eunpominioeans. CyuacHuii pieens 10epHozo npuiadodyoyeanHs
HECHPOMOIHCHA 3A0060bHUMU iX y NOGHOI0 Mipow. Bupiwennsa wiei npoonemu moosce dymu 3abe3neuene
DPO3POOKOI: MemOoOie 6UOOPY ONMUMAIBHO20 MUNY HANIGNPOGIOHUKOGUX MAMEPIaANie ma ynpasuainua ix
671aCMUBOCHAMU OJ151 CHEOPEHHS OeMEeKMOopPIie, U0 He0X0100ICYIOMbC; OAmMUUKIE 3 Oi1bUL010 PO30OLTIbHON0
30amuicmio; e1eKmpoHiKu 3 MEeHWUM Pi6HeM WiyMie; KOMN'IOmepHux mMemooie ma npozpam oo6pooKu
iHhopmauii 3 MeHWUMU PO3PAXYHKOBUMU GUMPAMAMU; CUCHEM KOHMPONI0 A0EPHUX mMamepianie ma
cmany 3axucnux oap'epie AEC, aki gionosioaiome eumMo2am iCHYIOU020 ABMOMAMUYHO20 KOHMPOIIO
padiauiiinoi 6e3nexu.

Bupiwennio makux 3a60anb NpUCéAYEHO YO cHMammio, w0 3a0e3neyye axKmyanibHicmo ii memu.
OcHOBHUM HPUHUUNOM BUPIUIEHHA HA36AHOT HAYKOBOT npoOIEeMU cmanu Pe3yibmamu 10epHo-Qizuunux
00CNioMCceHb  63AEMO0II  IOHI3YIOUUX  GUNPOMIHIOBAHb 3  HANIGNPOGIOHUKAMU, pO3pOOKa ma
eKCnepuUMeHmanbHa nepesipKa QizuKo-mamemamuyHux mooeneil mexHoaoZiuHux npoyecie 0o3umempii
ma KOHmMPOJI0 A0EPHUX Mamepianie.

Kniouosi cnosa: nepeunnuil nepemeopiosay, O0amuuxK 2ama-6URPOMIHIO6AHHA, HANIGNPOBIOHUKOGUIL
Odemexmop, padiauiiina 6e3nexa, iOHI3yI04i GUNPOMIHIOBAHHA .
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