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Response functions of CdZnTe detector, developed for measurement of electron energy spectra, are investigated. The experimental
response of CdZnTe detector is compared to the spectra simulated by Monte-Carlo method. A satisfactory agreement of simulated
and experimental data is reached with introduction in the theoretical detector model of two fitting parameters — products of mobilities
and lifetimes of electrons and holes. It is shown that the main disagreement of experimental and simulated spectra is connected to the
high level of noise in the preliminary amplifier.
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MOJEJIIOBAHHA METOJOM MOHTE-KAPJIO BIAI'YKY CdZnTe AETEKTOPIB BETA-BUITPOMIHIOBAHHSA
0.0. 3axapuenko, O.B. Puoka, JI.M. /lauaos, A.A. BeppoBkin, B.€. KyTniii, M.A. Xaxmypanos
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunul incmumym”
eyn. Akademiuna, 1, 61108 Xapxis, Yxpaina
Hocnimpkeni ¢pynkuii Binryky CdZnTe nerekropa, o NPH3HAYAETHCS YISl BUMIPIOBAHHS CIIEKTPIB €HEprii eneKkTpoHiB. Bumipsanit
excriepuMeHTanbHO Biryk CdZnTe nerekropa MOpIBHIOETHCS 31 CIEKTPaMH, pO3paxoBaHMMHU MeTo oM Monte-Kapio. 3anoBinsHoro
Y3TO/DKEHHSI PO3PaxXyHKOBHX Ta EKCIEPHMMEHTAJbHUX JaHUX MOXKHA JOCATTH IIPU BHUKOPUCTAHHI B MOJEN JETEeKTOopa ABOX
napameTpiB MiArOHKH — J0OYTKIB pyXJIMBOCTI Ha CEPeAHiil 4ac XHUTTS eIeKTPOHIB Ta Iipok. [lokazaHo, 1110 OCHOBHI pO30IKHOCTI MiXk
eKCIePUMEHTAIbHUMH Ta PO3PAXyHKOBUMH CHEKTPAMH IIOB’3aHi 3 BACOKUM PiBHEM LIyMiB NONEPEIHBOTO MiACHIIOBAYA.

KJIFOYOBI CJIOBA: CdZnTe nerexrop, OeTa-BUnpoMiHOBaHHS, MeToa MoHTte-Kapio, GyHKIis BiIryKy

MOJEJMPOBAHUE METOJOM MOHTE-KAPJIO OTK/IUKA CdZnTe JETEKTOPOB BETA-U3JIYUYEHUSI
A.A. 3axapueHnko, A.B. Prioka, JI.H. laBbin0B, A.A. BepeBkun, B.E. Kyruuii, M.A. Xaxmypangos
Hayuonanvholii nayunsiii yenmp “Xapvkockuti ousuxo-mexnuyeckuii uncmumym”’
yi. Axaoemuueckas 1, Xapvkos 61108, Ykpauna
Uccnenosansl ¢pynkumu orkianka CdZnTe nerexropa, mpeqHa3HaYeHHOTO AJIsl H3MEPEHHS YHEPreTHYECKUX CIEKTPOB AJICKTPOHOB.
OKkcnepuMeHTanbHO u3MepeHHbIH oTkiuK CdZnTe nerekropa cpaBHHMBaeTCs CO CIEKTPaMH, PAaCCUYMTAHHBIMU MeTOAoM MoHTe-
Kapno. YnoBnerBopuTensHOE COTache PacdyeTHBIX M AKCIIEPUMEHTANBHBIX JAHHBIX JOCTHUTAeTCs MPH HCIOIB30BAHUH B MOJENU
JETEKTOpa JBYX MOJATOHOYHBIX MapaMeTpOB — MPOW3BEACHHUN MOIBIKHOCTH Ha CPEAHHE BPEMEHA >KU3HH DIJIEKTPOHOB M JIBIPOK.
[Toka3aHo, YTO OCHOBHBIE PACXOXICHHS SKCIEPHMEHTAIBHBIX H PACYCTHBIX CIEKTPOB CBSA3aHBI C BBICOKHM YPOBHEM MIYMOB

MPEBAPUTEIEHOTO YCHUITUTEIISL.
KJIFOYEBBIE CJIOBA: CdZnTe nerexrop, 6eta-usnydenue, metoq Monte-Kapio, GyHKIus OTKINKa

Semiconductor compounds CdTe and CdZnTe are widely used in manufacturing of gamma-ray detectors for
operation at room temperatures. Absence of additional cooling allows creating compact highly effective devices which
are used for various purposes in gamma-ray spectrometry and dosimetry. The shortcoming of CdTe (CdZnTe) is a low
mobility of holes that worsens detectors’ energy resolution in the high energy range of gamma quanta (higher than
0.5 MeV). In order to overcome this disadvantage a number of technical solutions has been offered recently [1, 2]
which allowed to reach at 662 keV ('*’Cs gamma-ray source) the resolution which is close to a theoretical limit.

Besides the tasks connected with measurement of gamma fields, room temperature CdTe (CdZnTe) detectors also
have good prospects at the registration of beta radiation. In particular, considerable interest is attracted to a problem of
the extraction of beta spectra from the measurement of the mixed gamma and beta radiation [3]. Detectors of beta
particles are also in demand in research of radiation protective properties of materials when there are rigid restrictions
on the admissible size and weight of protective designs [4].

At measurement of electron energy spectra an ultrahigh resolution of detectors is not required. This is due to the
fact that intensive quasimonoenergetic lines are present only in spectra of a few beta sources (for example, groups of
closely located lines of conversion electrons in '*’Cs spectrum). Besides, the interaction of electrons with air (not to
mention more dense environments) leads to a considerable smearing of initial lines or their total disappearance.
Therefore, one can expect that in measurements of beta spectra the energy resolution requirement to detectors of high-
resistance semiconductor compounds CdTe and CdZnTe (i.e. the requirement to crystal quality) may be less stringent
than at registration of gamma quanta. At the same time, higher density and average atomic number of CdTe (CdZnTe)
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in comparison with germanium and silicon provide more effective slowing-down of electrons in detector working
volume that allows using less expensive thinner detectors.

We present below a research of a response of a planar CdZnTe detector to the irradiation from a reference *Sr/*’Y
source. The main objective of the work was a restoration by the Monte-Carlo method of the response function of
CdZnTe detector to beta radiation. For comparison we use and cite here for the first time the experimental data received
previously during the adjustment of a measuring channel in papers [4, 5]. Besides the electron spectra measured with an
unshielded *°Sr/”Y source, spectra of electrons, which have passed through aluminum and lead slowing-down filters,
were also investigated. In all cases we compared the response functions measured with CdZnTe detector to the response
functions simulated by the Monte-Carlo method. We established that satisfactory agreement of simulated and
experimental response functions due to the introduction in the detector model of two fitting parameters: products of
carriers mobility and average lifetime. Meanwhile, the remained observed discrepancies necessitate considerable
decreasing of noise level in devices with detecting units based on CdTe (CdZnTe) crystals for registration of beta
radiation below 100 keV. An agreement between experimental results and simulation data is considerably improved
with the application of thin metal filters in measurements or with the increase in the lower discrimination threshold.

MEASUREMENTS OF BETA-SPECTRA

Registration of the radiation from *’Sr/*°Y source was carried out at the measuring bench created at NSC KIPT. It
consists of CdZnTe detector sized 6x6x3 mm?, a charge sensitive preliminary amplifier (the measured ratio of charge-
voltage transformation was 0.96 mV/fC), Canberra Model 2026 Spectroscopy Amplifier, the analogue-digital Canberra
Model 8706 converter (ADC) and the Canberra Model 3106D power supply. The operational detector displacement
voltage was U, = 150 V. Efficiency of charge collection (CCE) in the CdZnTe detector at the indicated displacement
voltage was about 34%. The detector was placed in the silumin case of 2 mm thickness. A beryllium window of
23 micron thickness, located in a front part of the case, allows a transmission of electrons with the minimum energy
loss. Measurements of *’St/*°Y radiation spectrum were carried out with the reference source of beta radiation 1SO-135
which was placed at about 12 mm above the detector surface. The spectrometry of *’Sr is an important task [3].
Besides, a wide range of electron energies allows using this source for an assessment of radiation protective
properties of different materials [4, 5].

The initial (theoretical) spectrum of the “S1/*Y source is shown in Fig. 1. The data presented in Fig. 1 are the
results of simulation with a universal package Geant4 [6] modeling the interaction of nuclear radiation with matter. The
electron spectrum consists of two branches: the initial part up to the energy about 0.5 MeV corresponds mainly to the
electrons which are formed at decay of *°Sr (T, = 28.74 years) — *°Y. The high-energy branch of the spectrum is
formed at the subsequent disintegration of *°Y (T, = 64.1 hours) — *°Zr [7]. At decay of *°Y an insignificant number
of y-quanta (Table 1) also is formed, which do not influence essentially the general detector pulse statistics. When
modeling the line of y-quanta with energy of 1.76 MeV they were distributed over two neighbor energy sampling levels
with total intensity of (5.2 + 6.3 = 11.5)x10~ quantum per decay that corresponds to the probability of the relevant
channel of disintegration: 0.011% (Table 1).

Table 1.
Radiation characteristics of *°Sr/*’Y source
Nuclide Probability of the electrons y-quanta
decay channel, % Epax, keV Eiqaie, keV E,, keV
*Sr (T, = 28.74 year) 100 546.0 195.8 —
99.989 2280.1 993.7 —
Y (T, = 64.1 hour) 0.011 519.4 185.6 1760.7
1.4x10° 93.8 25.0 2186.2

The spectrum of 1SO-135 source, obtained with the above measuring bench, is shown in Fig. 2. Time of
measurement was 1 hour. The energy calibration of the measuring bench (the top axis in Fig. 2) was carried out using
the measurements of photopeak centroid positions in the spectra of '*’Cs and **' Am reference gamma-ray sources (Fig.
3). The maximum energy of the registered electrons corresponds to the maximum energy of the electrons which are
formed at beta-decay of *°Y (2.28 MeV).

The shape of the initial section of the spectra in Fig. 2 (£ <0.1 MeV) essentially differs from theoretically
predicted one (Fig. 1) as a result of a considerable noise level in the preliminary amplifier (equivalent noise charge
(ENC) is about 400 e units of the electron charge, the maximum of the measured noise spectrum corresponds to energy
about 100 keV). Other sections of the experimental spectrum (Fig. 2) also have some differences from the simulated
spectrum of *’Sr/*Y source in Fig. 1. In particular, a shape of curve at the energy, where the spectra of electrons formed
at disintegrations of *°Sr and *°Y (E~ 0.5 MeV) come together, appears strongly blurred in comparison with the
simulated spectrum in Fig. 1.
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Fig. 2. 1S0-135 source spectrum, measured with Fig. 3. Calibration dependence for determination of the
CdZnTe detector. ADC step size in terms of energy.

SIMULATION OF CdZnTe DETECTOR RESPONSE

For simulation of CdZnTe detector response to the radiation of *°Sr/*’Y source we used model of a wide-gap
radiation detector which was in detail described in our previous papers [8, 9]. For speeding-up the calculations we
assumed that the thickness of the **Sr/’"Y source equals zero. In each numerical experiment 4x10’ decay chains of **Sr
were modeled. Simulated and experimental response functions of a CdZnTe detector were compared in absence and in
the presence of filters from aluminum and lead which slow down electrons.

As is evident from Fig. 4 and 5, the proposed model provides as a whole a good agreement between the simulated
and experimental response functions of CdZnTe detector to *°Sr/’°Y radiation source. Also satisfactory agreement of

average pulse amplitude is observed (Fig. 6), which was calculated as E, , = Zi-Ni / Z N, . Here i is the number of

m,

ADC channel, N; is the number of pulses in the channel. The only fitting parameters of the applied model were products
of mobility p and average life time t of electrons and holes in CdZnTe detector. Direct experimental measurements of
products (ut).n are impossible without disassembling and damaging the detector [10]. Response functions of the
CdZnTe detector in Fig. 4, 5, 7 and 8 were obtained for values (ut). = 2.2x10™* cm*/V, (ut), = 1x10° cm?*V. The
fitting values of (i), correspond to the measured efficiency of charge collection, CCE = 34 %.

Fig. 4 displays the simulated and experimental response functions of CdZnTe detector without slowing-down
filters. It is evident that in the experimental pulse distribution the region, where the electron spectrum is formed due to
the disintegrations of **Sr and *’Y, remains more distorted in comparison to the simulated spectrum. At the same time,
in the presence of slowing-down filters the simulated and experimental spectra in this region agree much better (Fig. 5).
The better agreement in Fig. 5 against Fig. 4 could be explained with the assumption that between the radiation source
and detector an additional thin slowing-down layer is present, unaccounted in the simulation model. This assumption is
corroborated by the fact that the experimental value of average pulse amplitude in the presence of slowing-down filters
appeared constantly lesser in comparison with the simulation data (Fig. 6). Probably for electrons such additional
slowing-down mechanism is created by the contact gold plate on the detector surface which is covered by a layer of an
electrical insulating material. However, we did not manage to select the effective thickness of this layer, which would
improve the agreement of simulated and experimental average pulse amplitudes.
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Fig. 5. 1SO-135 source spectrum taken with lead filter.

Table 2 compares the modifications in experimental
and simulated electron spectra due to the installation of the
slowing-down filters from aluminum and lead between the
source and detector. The energy flux, which is registered
by CdZnTe detector, is determined by the expression
W, :EADCZI’-N,, , where Eapc is the ADC step size in

MeV. The relative change in the energy flux, recorded by
CdZnTe detector in the presence of a filter, is determined
as W, fie/We o ratio. For all filters the energy flux,
calculated according to the applied model, appears
permanently larger at 3-5 %.

The average amplitude of the spectrum measured
without slowing-down filters, considerably exceeds the
corresponding value for the simulated spectrum (Fig. 6).
In the presence of filters the reversed situation is observed:
the average amplitude of the simulated spectrum exceeds
the value of E,;4 for the experimental spectrum.

Table 2.
Characteristics of electron spectra of *°Sr/*’Y measured with CdZnTe detector
. Relative average .
) Relative energy flux . ' . Relative average
Filter Thl;:rl:rrrlless, We fitter! We air amplitude Emld st/ Emia amplitude Epig/Emid Al
atr
experiment | simulation | experiment | simulation | experiment | simulation

1 2 3 4 5 6 7 8
No filter (air) - 1.00 1.00 1.00 1.00 0.88 0.72
Al 0.5 0.53 0.57 1.14 1.40 1.00 1.00
Al 1 0.29 0.34 1.02 1.24 0.90 0.89
Pb 0.1 0.43 0.48 1.19 1.47 1.05 1.05
Pb 0.2 0.17 0.20 1.01 1.24 0.89 0.89

In Table 2 the changes in the pulse amplitude averaged over the spectrum were determined in columns 5 and 6 by
the ratio Eid fier/Emid air- AS @ result, we have a more than 20 % disagreement between the simulated and experimental
data. If to consider relative change of average amplitudes only in the presence of filters, the simulated and experimental

values appears identical (Table 2, columns 7 and 8).

As is evident from Fig. 4 and 5, the most appreciable disagreement of the calculated and measured response functions
of CdZnTe detector is observed at low energy. In this region of experimental spectra the pulses of low energy electrons
are superimposed with noise pulses. In Fig. 7 and 8 the simulated and experimental response functions of CdZnTe
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detector to the *’Sr/*°Y radiation source are shown in the case when the lower discrimination level of a measuring
channel Egy, is set for 180 keV (channel no. 150). The selected value of the lower discrimination level is somewhat
higher than the lower limit of the registered energies range of the commercial scintillation beta-spectrometers. For
example, for the AT1315 Gamma Beta Radiation Spectrometer the lower limit of the operating energy range is 150 keV
[11].

The spectra obtained in the presence of slowing-down filters display no essential changes (Fig. 5 and 8). At the
same time, in the absence of slowing-down filters the agreement of simulated CdZnTe detector response functions with
experimental data in the low energy range (from 0.2 to 0.5 MeV) is considerably improved (Fig. 7).
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Fig. 9. Dependence of average pulse amplitude of CdZnTe detector
on the surface density of the slowing-down filter.

Table 3 compares the characteristics of simulated and experimental spectra of electrons when the lower
discrimination level is set for 180 keV. In this case the spread of the relative change in average pulse amplitudes for
experimental and simulated spectra makes only 4 — 6% (Table 3, columns 5 and 6) against more than 20% discrepancy
with zero discrimination level. If to compare only the spectra with filters the relative changes of the experimental and
simulated average amplitudes (Table 3, columns 7 and 8) again remain almost identical. The relative energy flux in the
presence of slowing-down filters changes insignificantly compared to the previously considered case when the lower
discrimination level equaled zero.

In the cases when the measuring the electron fluxes of low energy (below 100 keV) with CdZnTe (CdTe)
detectors is needed, one has to decrease considerably the noise level of the measuring equipment (down to 10 keV) in
order to avoid the essential distortion of the obtained experimental data.

The comparison of experimental and computed response functions at different discrimination levels shows, that
the noise of the preliminary amplifier is a major factor in distortion of measurement data. It is necessary also to take
into account that the temperature dependence of the noise can impede the correct comparison of measurements
performed under different conditions. However, the simulation has shown that the increase in the lower discrimination
threshold largely eliminates divergences between measurement and simulation data. A similar effect is achieved at the
application of thin metal filters (in this case it is possible also to abandon the beryllium window in the detecting unit
that simplifies its construction). In both cases the investigated model can be used for calibration of the response of
CdZnTe detecting units to the radiation from different beta-sources.
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Table 3.
Characteristics of electron spectra of **St/*°Y source at 180 keV discrimination level

Thickness Relative energy flux R.e lative average Relative average amplitude
Filter , W sitted/ We air amplitude imid fter/Emia Enid/Emid Al
mm experiment | simulation | experiment | simulation | experiment simulation
1 2 3 4 5 6 7 8
No filter (air) - 1.00 1.00 1.00 1.00 0.94 0.89
Al 0.5 0.54 0.59 1.07 1.13 1.00 1.00
Al 1 0.29 0.35 1.01 1.05 0.95 0.93
Pb 0.1 0.44 0.50 1.14 1.20 1.07 1.07
Pb 0.2 0.17 0.20 1.09 1.15 1.02 1.02
CONCLUSIONS

The electron energy spectra of *°Sr/*°Y radiation source were measured with a planar CdZnTe detector. The model
of the wide gap semiconductor gamma-ray detector, developed earlier [8, 9], was used for the simulation of CdZnTe
detector response functions by Monte-Carlo method. The simulated response functions of a CdZnTe detector agree well
with the experimentally measured response functions after the introduction in the detector model of only two fitting
parameters: products of mobility and average lifetime for electrons and holes. Other parameters of the model (bias
voltage, equivalent noise charge, shaping time, detector unit geometry) correspond to the actual characteristics of the
measuring channel. This agreement allows using instead of the measured response function the simulated one, obtained
in the proposed detector model, for example, in the problem of extraction of beta radiation spectrum at measurements in
the mixed beta and gamma fields (i.e., at in situ determination of *’Cs and *’Sr sources activity).

In research of radiation protection ability of a material the best agreement of experimental and simulated electron
energy spectra is reached at rather high discrimination level (more than 100 keV). The noise of the preliminary
amplifier is a major factor in distortion of measurement data. The simulation has shown that the increase in the lower
discrimination threshold largely eliminates divergences between measurement and simulation data. A similar effect is
achieved at the application of thin metal filters. In both cases the investigated model can be used for calibration of the
response of CdZnTe detecting units to the radiation from different beta-sources. When exact measurement of beta
spectra for energy less than 100 keV is needed, it is necessary to use a measuring channel with noise level of 10 keV
and below.
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