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MODEL OF PHYSICAL PROCESSES IN THE PRIMARY AND SECONDARY
CONVERTERS OF THE DETECTOR FOR RADIATION MONITORING SYSTEMS

Annotation. The level of development and application radiations technologies is largely determined
by the state of nuclear instrumentation. The advent of modern semiconductor sensors for the first time
connected nuclear instrumentation and electronics into a single complex - semiconductor detector. It
combines a semiconductor primary converter of ionizing radiation (sensor), secondary converter of
information from the sensor (electronics) and software for processing this information, interconnected in
terms of problem being solved and parameters.

The block diagram of the detector consists of two main parts: the primary converter of ionizing
radiation (IR) energy into an electrical signal - sensor; secondary converter of this electrical signal.

The characteristics of the detector are determined mainly by the physical properties of the
semiconductor crystal as the sensitive element of the primary transducer, as well as by the features of
process recording the electrical signal.

The process of registering IR consists of converting a non-electrical quantity that characterizes it
into an electrical signal. In other words, one type of energy is converted - IR energy - into another, more
convenient for processing and storing information. A current or voltage pulse occurs in a radiation sensor
directly as a result ionization of its active medium - a semiconductor; this pulse carries extensive
information. First of all, it is correlated with the time of the nuclear process. In addition, the pulse marks
fact that radiation is emitted within the solid angle at which sensor is visible from the source. Pulse
amplitude often serves as a measure of the energy loss of radiation in the sensor. The pulse shape differs
for different types of radiation, as well as for different areas and angles of radiation entering the sensor.

In this work, model of gamma radiation detector is created as a single system of primary and
secondary converters. It contains a physical analysis and analytical representation of the processes
occurring in CdzZnTe-sensor and electronic preamplifier. It is shown that the collection of charges in
sensor varies over time, which leads to a scatter of signal pulses in duration and amplitude. In this regard,
the model shows need to use a charge-sensitive pre-amplifier.

The main advantage of the model is the solution to problem of optimizing signal-to-noise ratio in
the detector.

Key words: detector, primary and secondary converters, ionizing radiation energy, signal pulse
spread, radiation monitoring systems

Introduction. The block diagram of the detector consists of two main parts: the primary
converter of ionizing radiation (IR) energy into an electrical signal - sensor; secondary converter of
this electrical signal.

The characteristics of the detector are determined mainly by the physical properties of the
semiconductor crystal as the sensitive element of the primary transducer, as well as by the features
of the process recording the electrical signal.

The process of registering IR consists of converting a non-electrical quantity that characterizes
it into an electrical signal. In other words, one type of energy is converted - IR energy - into another,
more convenient for processing and storing information. A current or voltage pulse occurs in a
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 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 often serves as a measure of the energy loss of radiation
in the sensor. The pulse shape differs for different types of radiation, as well as for different areas
and angles of radiation entering the sensor.

Most of the information transmitted by pulses is characterized by a continuous spectrum: a
pulse can appear at any time with different amplitudes. In addition, electrical signals from the
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detector generally arrive against a background of interference, which significantly reduces the
reliability of the transmitted information. Interference can be caused by parasitic electrical signals
(noise of circuit elements, external interference) or extraneous sources of IR. The reliability of
measurements increases if the signals have qualities other than interference.

Main part. Analysis of initial parameters of the crystal.

A semiconductor material for use in ionizing radiation sensors must satisfy the previously
stated conditions and be characterized by a set of the following functional qualities [1, 2, 3].

When interacting with photons, it should generate as many free charge carriers as possible.
Their number is linearly proportional to the energy of the absorbed quantum, therefore, the lower
the energy of formation of an electron-hole pair (the band gap of the crystal), the easier it is to
register quanta of relatively low energy. In addition, and this is the main thing, with an increase in
the number of generated charge carriers, its relative fluctuation decreases. This increases the
accuracy of determining the energy of absorbed quanta of ionizing radiation.

To receive a signal in the external electrical circuit in which the sensor is connected, charge
carriers must move quickly enough in the electric field of the crystal, and in order to obtain a signal
linear in energy, energy losses on the way to the electrodes must be minimal (absent). In general,
this means that it is necessary to ensure the highest mobility of both types of charge carriers (if they
are collected unipolarly — mobility of electrons) and the minimum concentration of traps that capture
carriers as they drift to the electrodes.

To register small signals, it is necessary to have minimal loss currents at sufficiently high
voltages applied to the sensor. This means that the semiconductor material must be highly resistant.
It must effectively absorb X-ray or gamma radiation quanta in a fairly small volume. Therefore,
greater the density of the material and its atomic number Z, greater the absorption cross section on
an individual atom and the ability of material to inhibit ionizing radiation as a whole. This quality
is fundamental to ensure significant sensitivity of the sensor with a sufficiently small size. This
quality plays a particularly important role in the case of high-energy gamma-ray spectrometry, since
the efficiency of recording high-energy gamma quanta strongly depends on the thickness of the
sensor and the properties of the active medium (the photoelectric cross section is proportional to
7).

The listed requirements apply both to the quality of sensor material and its design. In what
follows, as a main example, we will consider a sensor based on single crystals of the CdZnTe solid
solution.

Model of physical processes in the primary and secondary detector converters.

From a formal point of view, any sensor with electrical information collection can be
considered as a current generator into an external recording circuit.

Block diagram of a semiconductor sensor and circuit diagram for connecting the preamplifier
of the secondary converter, i.e. the entire detector are presented in figure 1.

Let us consider the 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 influence of an electric field between p- and
n- contacts, inducing a charge pulse at the sensor electrodes (fig. 1 a). The zone width W is
determined by the material thickness L and the applied voltage Uy. For CdZnTe, the charge carrier-
free zone is determined by the properties of the material (table 1).

To ensure directional movement (drift) of charge carriers created by IR, a direct bias voltage
is applied to the contacts of sensor D through load resistance Ry (fig. 1 b). The resulting pulsed

voltage drop U :8 in most cases is not proportional to the energy lost by y-quantum. The difference

in the time of collection of charges leads to a scatter in the duration, and therefore in the amplitude
of the pulses. In addition, the capacitance of the sensor itself does not remain constant. Therefore,
in the detector circuit it is necessary to use a charge-sensitive pre-amplifier 1 (fig. 1 b).
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Figure 1 — Sensor structure (a) and equivalent circuit (b) for connecting a semiconductor
detector: symbols are in the text

The equivalent circuit of a semiconductor sensor contains, in addition to the diode D itself, a
depletion zone capacitance Cy, a parasitic capacitance Cs, a leakage resistance R. and a “path”
resistance Rs. The latter is a combination of output electrode resistances. The diode capacity also
depends on the voltage and quality of the crystal. This dependence can be approximately represented
in the form [4, 5]:

C , =21-103A(pU )‘% pF @
a PYp { !

where 4 — is the sensor area, cm?; p — resistivity of semiconductor material; U,— blocking
voltage.

The given dependence can be used in a comparative assessment of the sensor activation
modes.

One of the important characteristics of the sensor is the level of parasitic signal components -
noise that is not associated with the physical processes of interaction between the crystal and the IR.
The noise level determines the minimum threshold for recording IR energy.

The conversion of the energy lost by the particle in the sensor into an electrical signal of the
appropriate amplitude occurs with an accuracy characterized by the resolution of the system. The
latter depends on many reasons, in particular on the properties of the amplifier. Indeed, since the
amplitude of the signal generated by the semiconductor sensor is small, the distortion of the
amplitude spectrum is caused, first of all, by modulation by noise pulses arising in it and in the
resistances. Chaotically combining with useful signals, noise “blurs” the original amplitude
spectrum. Noise amplitude distribution is Gaussian:

U, -0)2
1 .e 20'2 , (2)

oA\ 27

pU)=

where o2 —is the dispersion or mean square deviation of the amplitude U; from the average
value U .
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Let us assume that all other reasons distorting the signal amplitude spectrum, compared to the
influence of noise, are negligible and register monochromatic charged particles that leave all the
energy in the sensor. In this case, the measured signal amplitude spectrum is also determined by
expression (2). However, now U — is the average amplitude of the signal, and o is determined by

noise, and o is equal to the root-mean-square noise UTi =U,, voltage. The width at half maximum

of the curve is called resolution EA (FWHM). Substituting the value into equation (2)
2

pU) =; p(U), it is easy to obtain 1A:2.360- By measuring the resolution in energy units (in
2

electron volts), it is possible to determine which part of the energy corresponds to the noise level
converted to the input of a given amplifier [6, 7].
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Figure 2 — Expansion of the energy line due to noise

The absolute value of C; capacitance, as well as the 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 R. is another source of noise, which also
degrades the energy resolution.

In order for subsequent detector devices to work — amplitude analyzer, discriminator,
coincidence circuit —an amplifier with a high gain is required. Typically, an amplifier consists of
two separate units: a preamplifier and a main amplifier. This separation is due to the desire to
minimize the input capacitance C, which affects the resolution, while the preamplifier is located
next to the sensor. The signal, amplified by first block to a level at which the noise of the subsequent
amplifier has virtually no effect, is transmitted to the second block via a matched cable. Particular
attention should be paid to obtaining a minimum of noise in the preamplifier [8, 9].

To analyze the noise, let's take a closer look at the equivalent circuit of the preamplifier. Noise,
like a signal, can be expressed numerically in units of voltage, charge, or energy. With energy losses

E, electron-hole pairs | — E are formed, giving a charge Q on the total input capacitance C. If

W
T@x:RC it is large compared to the charge collection time, then the signal amplitude U’ =(§ . For

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

in practice), the signal will decrease by factor of e =2,72, i.e., it will be _Q Asimilar reasoning
Ce.
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can be carried out for noise, only starting with voltage u . then moving to charge Q,=U,C-e

the number of charge carriers Nszi and, finally, to the equivalent noise energy [8, 10]:
q

_UWC-eVV_p
q

u

Often, when assessing the noise properties of amplifiers, ratio is usedsignal to noise,]:i.
U

u

Knowing » and signal, it is not difficult to determine U, and EA.
2
The spectral density of the parallel noise current is equal to:

.2
' _oql +[4KTJ, 3)
Af

Ry

where | — is the sum (modulo) of all currents acting parallel to the sensor; R, ~ resistance of

all resistors connected in parallel with the sensor; Af — fragment of the spectral characteristic; 7 —

is absolute temperature.
This spectral density can be expressed by one equivalent noise resistance R, the value of
which is determined by the relation:

T IS (4)
Ry, 2KT Rg

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

2
u
HPACH P A |

Af Rp («C)*

()

Another source of noise in the input stage is determined by the input amplifier device and the
principle of its amplification. For a field-effect transistor, the series equivalent noise resistance is

equal to Rg ~ L, where S — is slope of the transistor input characteristic. The intensity of the serial
S
noise is also frequency independent and is:

0 (6)
— —4kTRe -
Af S

In some cases, especially when recording X-ray radiation, the noise component of type
transistors 1 plays a significant role. This noise can be determined by the formula:
f
=2
‘Ls:Aif @)
A B

20



where A — is a constant coefficient depending on the transistor manufacturing technology;

a~1.
The total noise voltage of the noise sources at the amplifier input is equal to:

> 1 1 (8)

U2 =(4kT —
where N(w) — is the spectral density of input noise; Af — narrow differential frequency

bandwidth ¢ - @ .
2r

A
+4KTR_ + ff)Af = N(w)Af,

In (8) N(w) represents the spectral density of the input noise Af — narrow differential

bandwidth around frequency f— % . Narrowband amplifiers are only suitable for amplifying
2

sinusoidal signals. The frequency response K(w) of spectrometric amplifiers extends from low to

high frequencies and the noise level U, at the amplifier output is determined by the integral

expression:
L, n
Uj:hfaroo‘N(a))HK(a))‘zda). (9)

The limiting effect of the amplifier bandwidth K(w) also affects the signal shape. The
dependence of the amplifier output signal on time can be determined using the inverse Fourier
transform formula:

Sz(t)zzlﬂiwa(aJ)K(a})eja’tda).

Selecting the best frequency response of the spectrometric path in order to obtain the
maximum signal-to-noise ratio is the essence of optimal filtering [11].

The purpose of a spectrometric amplifier is undistorted transmission and amplification of the
amplitude of the input signal, and not its shape or rising edge. Consequently, with the appropriate
circuits it is necessary to select such a form of the frequency response amplifiers, in which the main
frequency spectrum of the signal passes through, but the noise spectrum is maximally limited.

According to this theory, the square of the maximum possible signal-to-noise ratio is [12]:

2 _27U%0)
70U ()
where U(w) and U, (w) — are the spectrum of signal and noise at the amplifier input,
respectively.

(n;.;axc

It has been shown theoretically that the maximum signal-to-noise ratio in this case is achieved
at equal integration and differentiation time constants 7 ~p=7rc =7 . In this case, the noise level is

minimal at some optimal time constant 7,

70 =C RS RP . (10)

Then the noise level at output of the amplifier is determined by the integral expression:
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— 2.2 A
U2 1 jooN( )7dw:4kTR78+ﬂ+7f. (11)
2_2y2 2

27 I+ ) 8 8C°Rp 2

As can be seen from (11), series noise depends inversely, parallel noise depends
proportionally, and type noise 1 does not depend at all on z. The minimum value of noise at 7=7
f

isequalto y2  — kT

S (ignoring type noise 1) Considering that during CR-RC formation
RP f
amplitude of the output signal does not depend on 7, the minimum noise corresponds to the
maximum signal-to-noise ratio:

RC _SZMaKc _ Q (12)
M yvaxe = Uu,”mm () 4kTC (e) o0

This formula shows ratio of amplitude output voltage to rms voltage of the output noise. The
input signal to the spectrometer amplifier represents charge Q or energy E deposited by the ionizing
radiation in the sensor so in practice it is common to express the noise level also in units of charge

or energy. Taking 77wa;<c =1, we find the equivalent root-mean-square noise charge for CR-RC
formation:

RC =(;)\/4ch 4/25 1360, (13)
P

where o is the minimum possible noise charge.

In foreign literature, the root-mean-square noise charge is designated ENC — Equipment Noise
Charge [14, 15]. In formula (13), the coefficient € _; 36 was deliberately highlighted.

In spectrometric practice, to evaluate amplifier noise, they often use not the standard deviation
o 5, but the distribution width at the level of 0.5 of the maximum value. This value in the domestic

literature is called energy resolution:

;AE ~ 2,350, . (14)

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

R R R
Ag :\/gz(c:,%_T_TS')wZ1_5(35Z ~(Ap)y+E 75c e (15)

The first term (A E) 0 does not depend on the external capacitance and represents the initial

noise contribution of the amplifier at zero sensor capacitance; it is determined by parallel and
partially series noise. The second term increases as the sensor capacitance increases. Its multiplier
represents the slope of the dependence of the noise characteristic on the external capacitance. This
term is determined only by the series noise of the amplifier. This visual (albeit somewhat simplified)
representation of the noise properties of amplifiers is valid not only for the considered CR-RC
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formation, but also for any shaper. In this case, the nature of the dependences of the initial noise and
the slope of the noise characteristic on Rg,Rp and z (pulse duration) is preserved. However,

quantitatively these parameters will be included in the general formula (8) with other coefficients.
Let's 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 the result of the

action of two linear filters @, (@) and @, (w) . In this case, linear filter converts the noise so that at

filter @, (w) output it becomes white, i.e. with a uniform spectrum:

22

2
| | UZ(®) 4KTR.w°C%+2ql.+C

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

r=C 4KTRs ., 1.e. equal to the optimal time constant r for simple shaping. The signal after
2q1+C o

passing through @; (w) will take the form:

ot
u'(t)zg-e ) (17)

Thus, the input of the second filter @, (w) will receive a modified signal U '(t) and white

jot

noise. As a result @, (w)=U '(a))e_J M i.e. amplitude-frequency response of the filter repeats (in

t
Tonm

absolute value) the spectrum of the signal U '(co) supplied to it. The multiplier e means that
there is a delay in the filter for a time t , equal to the duration of the input pulse. At this moment,

the amplitude measurement occurs, since it is at this moment that the output signal reaches its
maximum. In this case, the pulse is infinite and t, is determined by the maximum permissible delay
of the moment of amplitude measurement.

The frequency characteristics uniquely determine the transient characteristics of the filters
@ (w) and @, (w), consequently, the entire amplifier. The transient response of the first filter

coincides with the waveform U '(t) at the input of the other filter. Transition response of the second

filter H2(t)=I h, (t)dt, where h,(t) — is the impulse response to a unit 5-function, equal to the
0

mirror image of the signal U I(t) :
In the case of simple RC-RC shaping, the maximum voltage tM =T corresponds to , so it

is interesting to know what the optimal shaping gives for the same t ,,

/ -2 oo o
n}wakc =V1l-e Maxc 20’9377MGKC . (18)

It is known that ’7Jt‘4a;<c =0,74n> .- Therefore, the gain, compared to simple formation is

26%.

The presented model of the primary converter allows, taking into account the real properties
of the crystal, to calculate the dependence of the energy equivalent noise on the time constant of the
input stage of the preamplifier.
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Conclusions

1. In this work, a model of the primary transducer - gamma radiation sensor - has been created.
It is based on the following properties of the semiconductor crystal: maximum quantum efficiency;
maximum mobility of charge carriers; minimum density of structural defects; maximum resistivity
and density values. The combination of these properties provides significant sensitivity of the sensor
with minimal crystal dimensions. The inconsistency of such a combination must be eliminated both
during the manufacturing process of the crystal (for example, a high-resistivity crystal can be
obtained by simultaneous use of purification, components and compensatory 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 CdxZnixTe solid
solutions have the optimal combination of the above properties and the possibilities for their
production.

2. The model of the primary converter (sensor) allows you to calculate the dependence of the
energy equivalent of noise Og on the properties of input stage preamplifiers, taking into account the

real properties of the crystal. It is shown that:
— increasing 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 operating the sensor without cooling.
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MOJEJIb ®I3UYHUX HPOLECIB Y HEPBUHHOMY 1 BTOPUHHOMY
IHHEPETBOPIOBAYAX JETEKTOPA JJIs1 CUCTEM PAJIAINIMHOI'O KOHTPOJIIO

Anomauia. Pieenv pozeumky ma 3acmocy8aHHa padiauiliHUX MexHOJ102ili 3HAYHOW Mipoo
BUZHAYAEMBCA CHIAHOM A0EePHO20 nPpUnadodyoyeanns. Ilosea cynacnux nanienposioHuKo8UX 0AMYUKIE
ynepuie noeg'azana adepue NPUIAOOOYOYGAHHA MA e€NeKMPOHIKY 6 COUHUN KOMHAEKC —
HanignPOGiOHUKOBUII O0emeKmop. Y HbOMY HOEOHYIOMbLCA 63A€MOnog'azani 3a 3adavero, AKa
Po36'a3yemuvca ma napamempamiu HANIGNPOBIOHUK0B8020 NEPBUHHO20 NePemeoprsaud ioHI3yIU020
GUNPOMIHIOBAHHA (0AMYUK), MOPUHHO20 nepemeopiosaua inghopmauii 6i0 damuuxa (en1ekmponika) ma
npozpamue 3abe3neuents 011 00pooKu yici inghopmauii.

CmpykmypHa cxema 0emeKmopa i 060X OCHOBHUX YACHUH: HEPEBUHHOZ0 NePemeoposaua eHepzii
ionizytouozo eunpomintoeanus (IB) 6 enexmpuunuil cucnan — 0AmMYUKa; 6MOPUHHO20 NEPEMEOPIOBaAYaA
Ub020 eEKMPUUHO20 CUSHATLY.

Xapakmepucmuku 0emeKmopa GU3HAYAIOMbCA 207106HUM YUHOM (DIBUYHUMU 6/1ACHUBOCIAMU
Kpucmana HanienpogioHuKa AK YYMIUE020 elleMeHma NePEUHHO20 Nepemeoprsaida, a MmaKoMHc
ocoonugocmAMU npoyecy peecmpauii eneKmpuyHo20 CUSHATY.

Ilpouec peecmpauii IB nonacae y nepemeopenui HeeJleKMpU4HOl 8eIUMUHU, W0 XAPAKMePU3ye
11020, 6 enekmpuyHui cuznan. Inakuie sucnosenUUCy, y HbOMY NEPEMBOPIOEMbCA OOUH 8UO eHep2il —
enepcin IB — 6 inwuil, 3pyunimiuil 01sa 00poOKU ma HAKOnUYeHHs IHQopmayii. Y oamuuky
GUNDPOMIHIOBAHHA GUHUKAE IMRYJILC CHPYMY YU HANpY2U y pe3yavmami iOHI3auii #1020 AKmMUEHO20
cepeoosua — HAnienNPoGIOHUKA, Uell iMnyabc Hece genuKy ingopmauiro. Hacamnepeo, 6in kopentoemuoca
3 MOmMeHmoMm uacy a0epro2o npouyecy. Kpim mozo, imnynvc nHazonowye na gaxmi eunpominioeanns
padiauii 6 meixcax miiecHozo Kyma, nio AKUM OAGMYUK 6UOHO 6i0 0rcepena. Amniimyoa iMnyabcy 4acmo
€ MIpOI0 eHepeemuyHUX empam GUNPOMIHIOGAHHA 6 oamuuky. Dopma imnyavcy GiOpizHAECmMbCA OnA
Di3HUX 6U0i6 BUNPOMIHIOBAHHS, A MAKOIC OJ18 PIZHUX 0071aCmell ma KYymie RORAOAHHA 6UNDOMIHIOBAHHA
6 0amuux.

Y pobomi cmeopeno modenv Oemexmopa 2amMma-6URPOMIHIOGAHHA AK EOUHOI cucmemu
HEPeUHHO20 mMa 6MOPUHHO20 nepemeopiosauie. Bona micmume pizuunuit ananiz ma ananimuune
npeocmaenenua npoyecie, wio eiooysaromocsa ¢ CdZnTe-0amuuxy ma eneKmpoHHOMY RIOCUIIOBAUI.
IHoxkazano, wio 6 0amuuxy 36ip 3apaoie pi3HUMbCA 6 UACI, WO NPU3BOOUNL 00 POZKUOY IMAYILCIE CUSHATLY
3a mpueanicmio ma amniaimyoor. Y 36'asky 3 yum y mooeni nokazano HeoOXiOHicmov 6UKOPUCMAHHA
3apA0060-UYMIUBCO20 NONEPEOHDBOZO NIOCUIINBAYUA.

OcHo6HOI10 nepesazoro mooei € eUpiuieHHA npoodaemu OnMuUMizayii CnigeiOHOUIEHHA CUZHA/WYM
Yy 0emeKmopi.

Kniouoei cnoea: oemexkmop, nepeunnuii ma émopuHHUIl nepemeoplosaui, enep2ia ioHizyIu020
GUNDPOMIHIOBAHHA, PO3KUO IMRYIbCIE CUZHAY, CUCMEMU PAOIaUilin020 KOHMPOJ1I0
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