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MODEL OF PHYSICAL PROCESSES IN PRIMARY AND SECONDARY
CONVERTERS OF THE DETECTOR

The level of development and application of radiation technologies is largely determined by the state
of nuclear instrumentation. The advent of modern semiconductor sensors for the first time linked nuclear
instrumentation and electronics into a single complex - semiconductor detector. It combines 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 the problem being
solved and parameters. The structural diagram of detector consists of two main parts: a primary converter
of ionizing radiation (IR) energy into an electrical signal - a sensor; secondary converter of this electrical
signal. The characteristics of detector are mainly determined by the physical properties of the semiconductor
crystal as a sensitive element of the primary converter, as well as by the features of the process of recording
an electrical signal.

The process of registering an IR consists in converting a non-electrical quantity characterizing it into
an electrical signal. In other words, this converts one type of energy - the energy of IR - into another, more
convenient for processing and accumulating information. A current or voltage pulse arises in the radiation
sensor directly as a result of ionization of its active medium - a semiconductor; this pulse carries extensive
information. First of all, it is correlated with the moment of time of the nuclear process. In addition, the
pulse marks the fact that radiation is emitted within the solid angle at which the sensor is visible from the
source. Pulse amplitude is often a measure of the energy loss of radiation in the sensor. The pulse shape is
different for different types of radiation, as well as for different areas and angles of radiation hitting the
sensor. In this work, a model of a gamma radiation detector has been created as a single system of primary
and secondary converters. It contains physical analysis and analytical presentation of the processes
occurring in the CdZnTe-sensor and electronic preamplifier. It is shown that the charge collection in the
sensor differs in time, which leads to a spread of signal pulses in duration and amplitude. In this regard,
model shows the need to use a charge-sensitive preamplifier. The main advantage of the model is solution
to problem of optimizing signal-to-noise ratio in detector.

Keywords: detector, primary and secondary converters, ionizing radiation energy, signal pulse spread

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

In this regard, the problems of dosimetry, which today have become an independent scientific
and technical area of nuclear physics, are acquiring ever increasing importance. Dosimetry, in its
essence, solves the problem of linking physical quantities with the expected radiation effects of the
use of IR. The main task of dosimetry - identification of sources radiation, posing a threat to the
environment and humans - today is solved using a variety of technical registration tools with varying
degrees of efficiency. A 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
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and values in this industry requires some clarification in order to convey the reliability of the
presented research results.

Formation of the problem. Turning on CdZnTe-detector in the mode of operation pulsed
proportional ionization chamber makes it possible to significantly increase its sensitivity and expand
the dynamic range of recorded values dose rate from background to emergency operating modes of
the reactor facility. The use of pulsed mode makes it possible to practically realize other possibilities
and, first of all, the compensation of energy dependence of sensitivity (EDS), so-called "stroke with
stiffness”.

Currently, dosimetric devices with silicon-based semiconductor detecting units are
commercially available [1]. Advantages of CdZnTe over Si — higher sensitivity and lower energy
equivalent of noise [1, 2]. However, a large effective atomic number also determines a larger (more
than 10) value of the energy dependence of sensitivity.

Analysis of previous studies. The level of development and application of radiation
technologies is largely determined by the state of nuclear instrumentation. In a relatively short period
of time, this industry went through several stages of development, and each of them was marked by
the emergence of various devices that register and measure the parameters of ionizing radiation: gas-
discharge counters, scintillators, semiconductor detectors, and others. Their appearance and further
widespread use was provided in the past by works from Crookes, Rutherford, Geiger and Miiller to
the works of A.B. Dmitriev, S.N. Perelman, V.G. Tchaikovsky, and V.G. Baranov, which are closer
to us in time Golbek G.R., Nemirovsky B.V., Yakubovich A.L. and many others. The basis for the
progress of nuclear instrumentation was the simultaneous development of two areas - nuclear physics
research and electronics. However, both directions at that time developed independently, without
proper mutual connection.

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 the problem
being solved and parameters. The possibility of the appearance of such a complex is provided in
materials science by the works of V.S. Vavilov, P.I. Baransky, in applied nuclear physics research -
M.V. Maksimov, O.V. Maslov and others. In these works, a technique was shown for the selection
of semiconductor materials and a design of sensors was proposed, directions for the creation of
electronics and computer programs for detectors were determined. This ensured the creation and
effective use of semiconductor detectors in dosimetry, radiation control of materials and technological
processes of nuclear power plants.

However, the development of nuclear power, the spread of nuclear technologies has 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 less
noise; computer methods and information processing programs with lower estimated costs; control
systems for nuclear materials and the state of NES protective barriers that meet the requirements of
existing automatic control of radiation safety (CRS).

Main part. From a formal point of view, any sensor with electrical information pickup can be
considered as a current generator to an external recording circuit. As you know, a current generator

is understood as a device, the internal resistance R BH of which is much greater than the resistance

of the load circuit RH ; RBH — RH (Fig. 1).

In this case, the generator output current does not depend on the load resistance of the external
circuit RH. The role RH is played by the secondary converter - electronic unit of the detector.

This statement is practically true for all types of sensors, since the current pulse iz, as well as its



duration are determined by internal processes and do not depend on R %t in a wide range of values

used in practice [5, 6].

Therefore, for a formal analysis of the formation and transmission of the output signal, the
sensor can be represented as an equivalent circuit of a current generator iz (Fig. 1). The detector
current i/1, through the key K, closed for the duration of the current pulse ti, enters the external load

circuit RH of the sensor, consisting of the load resistance and load capacitance Cx connected in

parallel RH , Where Cy=Cy +Cpx+Cwm, C — is the capacitance of sensor; Cex — input capacity of the

electronic device connected to sensor; Cys is the mounting capacity, including the capacity Cx of the
connecting wires between the sensor and the electronic device. Thus, Cy is the total capacitance of
the output circuit ("output” in Fig. 1) relative to ground. The resistance and capacitance of the load
form an integrating RC-circuit at the sensor output, the time constant t.=R. Cx of which significantly
depends on the accuracy of measuring the particle energy and moment of registration.

Current generator

iq

ti
Exit

Figura 1 — Equivalent circuit for switching on the sensor

Block diagram of a semiconductor sensor and a circuit for switching on the preamplifier of
secondary converter, i.e. of entire detector are shown in Fig. 2.

Consider processes occurring in the primary and secondary blocks of such a detector. When the
energy of ionizing radiation is absorbed in W zone of the intrinsic semiconductor, electron-hole pairs
are formed, which drift under the action of an electric field between p- and n-contacts, inducing a
charge pulse on the sensor electrodes (fig.2a). The width of the zone W is determined by the thickness
of material L and applied stress Up. For CdZnTe, carrier-free zone is determined by the properties of
the material.

To ensure directional movement (drift) of charge carriers created by IR, a forward bias voltage
U :8 is applied to the contacts of the sensor D through load resistance Ry (fig.2b). The resulting
impulse voltage drop in most cases is not proportional to the energy lost by the y-quantum. The
difference in the collection time of charges leads to a spread in the duration, and therefore in the
amplitude of pulses. In addition, capacitance of the sensor itself does not remain constant. Therefore,
in the detector circuit, it is necessary to use a charge-sensitive preamplifier 1 (fig. 2b).
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Figura 2 — Sensor structure (a) and equivalent circuit (b) for switching on a semiconductor detector:
designations - in the text

The equivalent circuit of semiconductor sensor contains, in addition to the diode D itself, the
depletion zone capacitance Cy, parasitic capacitance Cs, leakage resistance R and the "trajectory"”
resistance RS. The latter is a combination of the resistances of the output electrodes. The capacitance
of a diode also depends on the voltage and quality of crystal. This dependence can be approximated
as [7-9]:

2 L8
C , =21-108A(pUy, ) 2 . pF, (1)

where 4 — is the area of sensor, cM?; p — resistivity of the semiconductor material; U b~ blocking

voltage.

The given dependence can be used for a comparative assessment of the modes switching on the
sensor. One of the important characteristics of the sensor is the level of signal parasitic components
— noise that are not associated with the physical processes of interaction between crystal and IR. The
noise level determines the minimum threshold for recording the energy of IR.

The conversion of the energy lost by the particle in the sensor into an electrical signal of
corresponding amplitude occurs with an accuracy characterized by resolution of system. The latter
depends on many reasons, in particular, on the properties of amplifier. Indeed, since amplitude of the
signal generated by semiconductor sensor is small, distortion of amplitude spectrum is primarily due
to modulation by noise pulses that arise in it and in the resistances. Adding chaotically to the useful
signals, noises "blur” original amplitude spectrum. Distribution of noise in amplitude - Gaussian:

U, -0)?

1 .e 20‘2 , (2)

o~N2r

pU)=

where &2 —is the variance or mean square of deviation amplitude Ui from the mean U .



Let us assume that all other reasons that distort spectrum of signal amplitude, in comparison
with the effect of noise, are negligible and register monochromatic charged particles, leaving all the
energy in the sensor. In this case, the measured spectrum of signal amplitudes (fig. 3) is also

determined by expression (2). However, now U - is the average signal amplitude, and o is

determined by the noise, with o equal to the rms voltage of the noise lE =U,,. The width of

the curve at half maximum is called the resolution EA . Substituting value in equation (2), it is

1
;A=2.360' easy to obtain p(U) =5 p(U). By measuring the resolution in energy units (in

electron volts), it is possible to determine what part of the energy corresponds to noise level,
recalculated to the input of this amplifier [10, 11].
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Figura 3 — Expansion of power line due to noise

The absolute value of Cjy capacitance, as well as the parasitic capacitance Cg, largely

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

For the subsequent devices of detector to work — an amplitude analyzer, discriminator,
coincidence circuit —amplifier with a high gain is required. Usually amplifier consists of two separate
blocks: the preamplifier and the main amplifier. This separation is due to the desire to minimize input
capacitance C, which affects the resolution, while preamplifier is located near the sensor. The signal,
amplified by the first unit to a level at which noise of subsequent amplifier practically does not affect,
is transmitted to second unit via a matched cable. Particular attention should be paid to obtaining a
minimum of noise in the preamplifier [12,13].

For noise analysis, consider in more detail the equivalent circuit of preamplifier. Noise, like a
signal, can be expressed numerically in terms of voltage, charge, or energy. With energy losses E,

: E . . i
electron-hole pairs N =—= are formed, giving a charge Q at the total input capacitance C. If
p

Q

Too =RC it is large compared to the time of charge collection, then signal amplitude U = E . For



further consideration, we will take into account the action of the forming circuits. As a result of
passing through the differentiating and integrating circuits 7,, =7, =7 with (this case is often used

in practice), the signal will decrease by a factor of e = 2.72 times, i.e. U =(S number of charge
-€

QW =U WC -e carriers N, :Q—W and, finally, to the equivalent noise energy [14]:

_U,CeW,
w q )
Signal-to-noise ratio 77 = —— is often used when evaluating the noise properties of amplifiers.

w
1
Knowing signal 77 and, it is not difficult to determine Um and EA.

The simplest equivalent circuit of the preamplifier input circuit is shown in fig. 4 a. It includes
a signal source — semiconductor sensor D, field — effect transistor and noise sources acting at the
input of preamplifier. The total input capacitance C consists of the capacitance of the sensor C, input
capacitance of the field-effect transistor Cnr and possible parasitic capacitances of Cr, i.e.
C=Cn+Cnr+Cpn. The input capacitance C receives a charge Q generated as a result of interaction
with ionizing radiation, so that the input signal of preamplifier is a step, a voltage drop with an
amplitude S=Q/C.

The spectral composition of such a signal is inversely proportional to the frequency @, i.e.,

1
S (0)) = 9 o
C jo
where j=+/—-1.

The equivalent circuit takes into account two main sources of noise. The first is connected in
parallel with the signal source and the input capacitance C and is therefore called parallel noise. It is
caused by the reverse current of iz sensor and input current of gate field-effect transistor izr, as well
as the leakage resistances RP in crystal and resistors connected in parallel with the input. The

spectral density of the parallel noise current is:

:—2

I

P _—2q1+ 4kT
Af Rp

where | — is the sum (modulo) of all currents acting in parallel to the sensor; Rp — resistance of all

, (3)

resistors connected in parallel with the sensor; Af - fragment of the spectral characteristics; T —

absolute temperature T2 () serial (a) and parallel US (@) (b).
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Figura 4 — Equivalent circuit of the input circuit of the preamplifier and its noise sources (a), the
frequency spectrum of the input signal S( @) and the main components of the input noise: serial

a2 (w) and parallel US (w) (b)

This spectral density can be expressed by one equivalent noise impedance R,, value of which
is determined by ratio:

1_aq 1 @

R, 2kT Rg

Parallel noise is frequency independent, but voltage it creates at the input capacitance C, as well
as the input signal, depends on the frequency in inverse proportion:

o2
u

Yoopgrt 1 - (%)
Af R, (@C)
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Another source of noise in the input stage is determined by the input amplifier, the principle of
its amplification. This noise does not depend on the input elements, so it is convenient to take it into

account by equivalent noise impedance Rs connected in series with the amplifier input (fig. 4). For

a field effect transistor, series equivalent noise impedance is RS ~ g where S — is the slope of input

characteristic of transistor. The sequential noise intensity is also frequency-independent and amounts
to:

N

—>- =4KTR, - (6)

>

In some cases, especially when registering X-rays, noise component of transistors :fL of type

plays a significant role. This noise can be determined by the formula:

540
U _Ar (7)
A T

where Af — iIs a constant coefficient depending on the transistor manufacturing technology; a~1.

The total noise voltage of the noise sources at amplifier input is:

s A
U2=(aT = L L aKTR + 1 )AF =N(@)Af, ®)
Rp o°C f
where N(w) — is the spectral density of the input noise; Af — narrow differential frequency
bandwidth; f = % .

In (8) is spectral density of the input noise - a narrow differential bandwidth of frequencies
around the frequency.
In spectrometric practice, to assess the noise of amplifiers, it is more often not the standard

deviation G g that is used, but the distribution width at level of 0.5 of maximum value. This value
in the domestic literature is called the energy resolution:

1 | 9
5 =2350, ©)

In practice, one more way of expressing the noise properties of spectrometric amplifiers is
widely used - in the form of dependence energy resolution (or equivalent noise charge) on external
capacitance at input of amplifier C. Indeed, the total noise contribution to energy resolution can be
approximately represented in the form of two terms:

_ |22 Rsy 2Rs 2 IRs
AE—\/E (CH.T.7)+8 7Cﬂ~(AE)O+€ TC»ZZ (10)
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The first term (A ),

contribution of amplifier at zero capacitance of sensor, it is determined by parallel noise and partially
serial. The second term grows with an increase in capacitance of sensor. The multiplier here
represents the slope of the dependence of the noise characteristic on the external capacitance. This
term is determined only by serial noise of amplifier. Such a visual (albeit somewhat simplified)
representation of the noise properties of amplifiers is true not only for the considered CR-RC shaping,
but also for any shaper. In this case, character of dependences initial noise and the slope of the noise

characteristic on RS,RP and 7 (pulse duration) is preserved. However, quantitatively, these

parameters will enter the general formula (8) with other coefficients.
Consider the shape of the output signal with optimal shaping. It is known that the frequency
response of an amplifier with optimal shaping can be represented as a result of the action of two linear

filters @ (@) and @, (@) . In this case, the linear filter @;(®) converts noise so that it turns white
at the filter output, i.e. with a uniform spectrum:

does not depend on the external capacitance and is initial noise

1 = w?>C?
Uz (o) 4KTR @ C?+2ql.+C

(o) = (11)

This expression is identical to the frequency response differentiating with a time constant

4KTR, 7 : _ .
7=C | > ie. equal to the optimal time constant T for simple formation. The signal

2ql,+C g

after passing through @1(60) will take the form:
t

- Q _Tonm
U()=—=-e ) (12)
2 C

Thus, the modified signal and white noise U (t) will arrive at the input of the second filter

D, (0)) . As aresult @, (w)=U '(a)) e Joty, , 1.e. frequency response of filter repeats (in modulus)

t
T

' onm
the spectrum of signal U (w) supplied to it. The multiplier means € that the filter is delayed

by a time equal to the duration of input pulse. At moment t,,, the amplitude is measured, since it is

at this moment that the output signal reaches its maximum. In this case, the pulse is infinite t,, and
is determined by maximum allowable delay in the moment of amplitude measurement.
The frequency response (Dl(a)) and @2 (a)) uniquely determine the transient response of

filters and therefore the overall amplifier. The transient response U (t) of the first filter matches the

waveform at the input of the other filter. The transient response of the second filter
0

H, (t)=] hy(t)dt, where h,(t) — is impulse response to a unit §-function, equal to the mirror
0

image of signal U (t).
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The model of the primary converter (sensor) allows calculating dependence of energy
equivalent of noise on properties of preamplifier input stage, taking into account real properties of
the crystal. It is shown that:

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

— results of the analysis applied to CdZnTe crystals used in this work indicate the possibility
of the sensor operation without cooling.

Conclusions. In this work, a model of gamma radiation detector has been created as a unified
system of primary and secondary converters. It contains physical analysis and analytical presentation
of the processes occurring in CdZnTe-sensor and electronic preamplifier. It is shown that the charge
collection in 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 solution to the problem of optimizing the signal-to-noise
ratio in detector. It is shown that:

— energy resolution of the charge-sensitive preamplifier is determined by the noise level, which
depends on capacitance of sensor, and therefore on the bias voltage and crystal quality;

— in order to obtain the maximum signal-to-noise ratio, it is necessary to select the frequency
response of spectrometric path according to the theory of optimal filtering by V.A. Kotelnikov; for
this, filters of both low and high frequencies must be included in the path; thus, the simplest shaper
of a spectrometric amplifier should consist of a CR-RC filter; optimal shaping gives a 26% signal-to-
noise ratio gain compared to simple shaping.

Op
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A.T.H., mpod. ban3zak O.B., 1.T.H., c.H.c. CeaokoB O.B., /loopoBoancska C.B., Konopanenko O.1.
MOJEJDb ®I3NYHUX ITPOLECIB B IIEPBUHHOMY I BTOPUHHOMY
IHNEPETBOPHOBAYAX JJETEKTOPA

Pigenv po3zeumky i 3acmocysanus padiayitHux mexno102ill 8 3HAYHIN Mipi 6UZHAYAEMbCA CHIAHOM
A0epnozo npunadodyoyseanns. Iloasa cyuacnux HanienpoeioHUKO8UX 0amuuKie enepuie 36'43a10 adepue
npuUnado00yOyeanns i e1eKmpoHiKy 6 COUHUN KOMNIEKC - HARIGNPOGIOHUKOGUN OemeKmop. Y Hbomy
HOCOHYIOMbCA 63AEMO3ANEIHCHI HO PO38'A3YEAHHIO 3A0aUi i napamempam HAnienPoGIOHUKOGUIl nepPEUHHULL
nepemeopioeay iOHI3yIOU020 GUNPOMIHIOGAHHA (0amuuK), 6MOPUHHUIL nepemeopoeay iHphopmauii 6io
oamuuxa (e1eKmpoHika) i npozpamue 3abe3nedyeHHs 0na 0opooku uiei ingpopmauii. Cmpyxmypna cxema
0emeKmopa cK1adacmscsa 3 060X OCHOGHUX YACHUH: NEPEBUHHO20 NEpemeoploeaia eHepzii ioHi3yru020
eunpominioeannsa (II) 6 enekmpuuHuii cucnan - O0amuuka; 6MOPUHHOZ0 NEPEMEOPIOGAid UbOZ0
eNeKmpUYH020 cuzHany.XapaKkmepucmuku 0emeKmopa 6U3HAYAIOMbCA, 20/106HUM YUHOM, (i3UYHUMU
671ACMUBOCMAMU KPUCMAIA HANIGNPOGIOHUKA AK YYMIIUB020 elleMeHma NEPEUHNH02Z0 nepemaoprosaud, a
MAaKoc 0codUBOCMAMU RPOUECY PEECHPAYIT /1IEKMPUUHO20 CUZHATLY.

Ilpouec peecmpauii Il nonsazae 6 nepemeopeHHti HeeleKMpPUUHOT 8eJIUNUHU, U0 XAPAKMEPUYE 020,
¢ enekmpuunuil cuznan. Inakwe Kaxcyuu, npu ybomy nepemeoproEmvbca 00un 6uo enepeaii - enepzia I1 - ¢
iHwul, Oinbuw 3pyYHULl 012 00POOKU i HAKORUYEHHA THoOpmayii. Y 0amyuuKy eUnPOMiHIO8AHHA 6UHUKAE
imnyavsc cmpymy abo nHanpyzu 0e3nocepeonvo é pe3yavmami iOHI3auii 1020 AKMUGHO20 cepedosua -
HanienpoeionuKa, yeil iMnyavc Hece eeauKy inghopmayiro. Ilepw 3a éce, 8in KOppeauposan 3 MOMeHmMOM
yacy soepnozo npouecy. Kpim moczo, imnynvc eio3nauac paxm eunpominioeanusa paoiauii 6 mercax
minecHozo Kyma, nio AKUM 0amMYUK 6UOHO 6i0 dxcepend. AMniaimyoa iMRyaIbCy YaACMO CYHCUNDb MIPOIO
EHEePeMUYHUX 6MPAMm GUNPOMIHIOGaHHA 6 OamuuKy. Dopma imnyasvey 6iOpi3HAEMbCA 014 PI3HUX 6U0i8
GUNDPOMIHIOBAHHA, A MAKOJIC 015 PIZHUX 001acmell | Kymié NORAOAHHA 6UNPOMIHIOBAHHSA 8 OAMYUK.

B pooomi cmeopena mooens 0emekmopa 2amma-6unpOMiHIO8aAHHA AK EOUHOT CUCHEeMU NEPBUHHO20
ma eémopunno2o nepemeoprogayie. Bona micmume Qizuunuil ananiz i ananimuune ya61eHHA npoyecis,
uio eiooysaromoca ¢ CAdZnTe-damuuky i enexmponnomy 306niuminbozo niocuniosaua. Ilokazano, wo 6
oamuuKy 30ip 3apaoie pi3HUMbBCA 6 UACi, WO NPU3BOOUMD 00 PO3KUOY IMNYIbCI@ CUZHATIY HO MPUBATOCHI
i amnaimyoi. Y 36'a3Ky 3 yum ¢ mooeni noKazana HeoOXiOHicmb 6UKOPUCMAHHA 3APA0060-4YHIIUEO20
nonepeonvo2o niocuniosaua. OCHOGHOIO nepeeazorw Mmooeni € GUPIEHHA npPodaeMu onmumizayii
CNniGBIOHOUIEHHS CUSHAT/WYM 6 OeMEeKNOopI.

Kniouoei cnosa: oemexmop, nepeuHHUIl i 6MOPUHHUI NEpPemeoplosaui, enepzia IOHI3yI04020
GUNPOMIHIOBAHHA, PO3KUO IMRYIbCIE CUZHATY.
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