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This work explores the possibility of evaluating the signals of scintillation detectors of X-ray radiation (XR)
based on model calculations using experimentally obtained XR spectra in the energy range of 20...150 keV at an
anode voltage of the XR source between 50...150 kV. It is shown that for XR energies up to 90 keV, the signal of a
scintillator-photodiode (SC-PD) type detector based on ZnSe(Al) with a thickness of 3.5 mm can be evaluated both
by the energy of the XR falling on the detector’s aperture and by the energy of XR absorbed in the detector via the
photoelectric effect. For XR energies of 100...150 keV, the signal can be evaluated by the energy of the XR falling
on the detector's aperture. Under unchanged conditions of PV filtering, the detector signal can be unambiguously
estimated from the PV energy absorbed by the scintillator due to the photoelectric effect.

PACS: 07.85.Fv; 52.70.La; 87.59.bf

INTRODUCTION

Radiographic systems are widely used in various
fields, including medical diagnostics, customs control
and security systems, non-destructive testing, and the
food industry.

Digital radiography offers new possibilities
compared to film radiography. For instance, digital
technologies allow the implementation of the dual-
energy X-ray absorptiometry (DXA) method for
obtaining radiographic images.

Fig. 1 shows a simplified model of a digital
radiographic system (DRS) using the DXA method.
Optimizing such systems requires forming the detector's

energy-selective  properties, considering the XR
spectrum.
Filter ocC SD1 SD2
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Fig. 1. Simplified model of DRS using the DXA method.
OC - object under control; SD1, SD2 — scintillation
detectors of low- and high-energy components of XR,
respectively; X-Ray — X-ray radiation source

The energy-selective properties of scintillation
detectors depend on the type and thickness of the
scintillation element. DRS optimization can be done
experimentally or using model calculations.

Model calculations of scintillation detector signal
critically depend on the XR spectrum used. Modern
semiconductor  spectrometers  (e.g., the X-123
spectrometer from AmpTek) allow the measurement of
XR spectra with an energy resolution of 0.9 keV and a
maximum energy of up to 150 keV.

Typically, model calculations of scintillation
detector signals account for the characteristics of light-
reflecting coatings and adhesives used to optically
couple the SC and PD, as well as optical matching of

the SC emission spectrum and the PD spectral
sensitivity.

These studies are based on the assumption that the
detector signal can be estimated from the energy of the
RB absorbed in the SC due to the photo effect,
regardless of energy losses during light reflection,
optical mismatch, etc.

Thus, the paper explores the possibility of evaluating
the signals of SC-PD type detectors based on zinc
selenide (ZnSe(Al)) using experimentally obtained XR
spectra.

RESULTS OF PREVIOUS RESEARCH

During the NATO SfP 982823 grant project, we
created a three-energy X-ray scanner (hereinafter
referred to as the scanner), which included three
detector arrays of type SC-PD based on ZnSe(Al) with
different thicknesses (0.5; 1.5; 3.5 mm). We obtained a
series of X-ray images in various energy ranges using
this scanner. For example, in [1], we used the following
modes for spectrum formation of the X-ray:

Parameters of X-ray spectrum formation in three
energy ranges where the signal level of the detector is
60,000 in ADC codes

Uy kV | I, mA | Cu,mm| Al,mm | Ta, mm
H 150 | 7.352 5 2 -
M 90 9.084 — 2 0.2
L 50 19.04 — 6 -

where U, and |, are the anode voltage and current of the
X-ray source; Cu, Al, Ta are the filter materials; H, M,
L are the modes for high, medium, and low-energy X-
rays, respectively.

For model calculations, X-ray spectra were obtained
at anode voltages from 30 to 150 kV in steps of 10 kV.

Obtaining X-ray Spectra

The scanner includes the Isovolt Titan 160 X-ray
source with a W anode and a Be exit window, with a
thickness of 0.8 mm. X-ray spectra and scintillation
detector signals were measured using the scanner.
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The layout of the scanner components for obtaining
X-ray images and measuring the X-ray spectra is shown
in Fig. 2.

To reduce the X-ray flux intensity and,
consequently, the dead time of the X-123 spectrometer,
a tungsten collimator with a thickness of 36 mm and a
hole @ 0.3 mm was used, and the current of the X-ray
tube was set to a minimum of approximately 284 pA.
The X-ray spectra obtained with the X-123 spectrometer
are shown in Fig. 3.
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Fig. 2. Layout of the scanner elements and the
spectrometer for obtaining X-ray images (a) and
measuring X-ray spectra (b). 1 — X-ray source; 2 —
filter; 3 — SC-PD based on ZnSe(Al); 4 — tungsten
collimator with a hole @ 0.3 mm, 5 — CdTe detector of
spectrometer X 123
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Fig. 3. X-ray spectra of the Isovolt Titan 160 source
measured with the X-123 spectrometer at different
anode voltage values. X-ray tube current <284 uA,
4 mm aluminum filter, accumulation time 200 sec,

spectrometer detector aperture = 0.07 mm?

The obtained X-ray spectra were corrected and
normalized before the model calculations as follows:

1) Dead-time correction:

Kpr=1+DT/100, where DT is the dead-time
(determined by the X-123 spectrometer in %).

2) Current normalization:

Ki=I,/1, where |, is the actual X-ray tube current; I_
is the current level for normalization.

3) Detector area correction:

K=Sqet/Sdetspec; Where Sge is the aperture area of the
scanner detector, Sgespec IS the aperture area of the
spectrometer detector.

4) Accumulation time normalization:

K=1/T;+=1/200, where T;, is the accumulation time
of the spectrum.

Since the distance from the focal spot to the scanner
and spectrometer detectors is practically the same
(see Fig. 2), no correction for distance was made.

Thus, the output X-ray spectrum falling on the
scanner detector aperture in 1 s at the X-ray tube current
1. was calculated as:

f(E) = fo(E) * Kor * K; * K * Kt 1)
where fo(E) is the experimental X-ray spectrum.
RESULTS OF MODEL CALCULATIONS

AND EXPERIMENTAL DATA PROCESSING

According to the conditions of X-ray spectrum
formation in three energy ranges presented in Table, and
using (1), the X-ray spectra were calculated, as shown
in Fig. 4.
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Fig. 4. X-ray spectra used to obtain radiographic
images in three energy ranges

The X-ray spectra shown in Fig. 4 correspond to the
same signal level of the scintillation detector based on
ZnSe(Al), with a thickness of 3.5 mm, approximately
60,000 ADC codes.

Using the X-ray spectra shown in Fig. 4, we
evaluated the total energy that falls on the detector
aperture and the fraction absorbed in the ZnSe detector
with a thickness of 3.5 mm due to the photoelectric
effect.

The X-ray spectra calculated by formula (1) were
scaled according to the X-ray tube current that gives a
signal of 60,000 ADC codes in the detector (lgg o00):

f(E)s0000=F(E) -l60000/ 1.

Then, the total energy of the X-ray flux falling on

the detector aperture in 1 s was calculated as:

Imax
E, =) E-N;, @)
Tmin
where iyin and inax are the spectrometer channel numbers
corresponding to 20 and 150 keV energies, respectively;
N; is the number of pulses recorded in the i spectrometer
channel; E; is the energy of the X-ray quanta
corresponding to the i spectrometer channel.

The results of the calculation of the energy of the X-
ray flux falling on the aperture of the SC-PD detector
based on ZnSe(Al), with a thickness of 3.5 mm, and the
energy absorbed in ZnSe due to the photoelectric effect
are shown in Fig. 5.
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Fig. 5. X-ray energy falling on the aperture of the
SC-PD detector based on ZnSe, 3.5 mm thickness, and
energy absorbed in ZnSe due to the photoelectric effect

As can be seen from Fig. 5, for energies up to
90 keV, almost all of the X-ray energy is absorbed in
3.5 mm ZnSe due to the photoelectric effect. At an
anode voltage of 150 kV, with aluminum and copper
filtration, to achieve a signal level of 60,000 ADC
codes, the total energy of the X-ray flux falling on the
detector aperture is approximately the same as for
90 and 50 kV. However, the energy absorbed in ZnSe
due to the photoelectric effect at 150 kV is almost twice
as low as the energy falling on the detector aperture.

This result can be explained by the influence of two
factors.

Firstly, at high energies, a significant part of the X-
rays passes through the scintillation element without
being absorbed. Using the mass attenuation coefficients
of ZnSe [2], we calculated the X-ray attenuation
dependence on the energy of X-ray quanta for different
ZnSe thicknesses (0.5, 1.5, and 3.5 mm). The
calculation results are shown in Fig. 6.
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Fig. 6. X-ray attenuation in ZnSe with thicknesses of 0.5

mm, 1.5 mm, and 3.5 mm (solid lines), including
photoelectric effect (dashed lines)

From Fig. 6, it can be seen that ZnSe with a
thickness of 3.5 mm practically completely absorbs
X-rays with energies up to 60 keV. However, at
100 keV X-rays, about 35% of X-ray quanta pass
through the scintillation element, and approximately
half of the X-ray quanta are absorbed due to the
photoelectric effect.

Secondly, ZnSe(Al) has a high light absorption
coefficient at a wavelength of 590...610 nm (the
maximum of ZnSe(Al) radioluminescence), which is
about 0.4 cm™ '. Considering the exponential law of
X-ray absorption in the material, the largest number of
X-ray quanta will be absorbed, and thus, optical quanta
will be formed in the scintillation element on the side of
the X-ray flux.

According to the conditions listed in Table , we
calculated the energy distribution transferred to the
photoelectrons along the direction of X-ray propagation
in the ZnSe scintillation element with a thickness of
3.5 mm (Fig. 7).
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Fig. 7. Energy distribution transferred to the
photoelectrons along ZnSe with a thickness of 3.5 mm
for different X-ray spectra

As seen from Fig. 7, at the X-ray spectrum
corresponding to Figure 4 (curve for 50 kV), most of the
X-ray energy is absorbed in 0.5 mm of ZnSe. According
to the energy distribution absorbed due to the
photoelectric effect, the brightness of the scintillator
changes. At low X-ray energies, optical photons are
formed in the surface part of the scintillator and must
pass through approximately 3 mm of absorbing medium
before reaching the photodetector.

At the X-ray spectrum corresponding to Fig. 4
(curve for 150 kV), light quanta are formed in the
scintillation element almost uniformly across the crystal
volume. That is, a significant portion of the light
reaches the photodetector with minimal absorption in
the scintillator.

Thus, for a ZnSe thickness of 3.5 mm, for X-ray
energies up to 70...90 keV, the detector signal can be
evaluated both by the energy falling on the detector
aperture and by the energy absorbed in the scintillator
due to the photoelectric effect. For X-ray energies of
100...150 keV, the detector signal can be evaluated by
the X-ray energy falling on the detector aperture.

Detector signal estimation under constant filtration
conditions

Under constant filtration conditions, namely, using
an aluminum filter with a thickness of 4 mm, the
following experiment was conducted.

For each value of the anode voltage (from 50 to
150 kV with a step of 10 kV), the X-ray tube current
was set at which the detector signal was equal to 60,000
ADC codes. The X-rays spectra corresponding to the
anode voltage value (see Fig. 3) were scaled according
to the measured X-ray tube current.

Next, according to equation (2), the total energy of
the X-rays flow falling on the detector aperture in 1s
and the fraction of energy absorbed in the 3.5 mm thick
ZnSe scintillator due to the photoeffect were calculated.
The results of such calculations are shown in Fig. 8.

As can be seen from Fig. 8, the total energy of the
X-rays falling on the detector aperture and causing the
detector signal 60,000 in the ADC codes increases with
increasing anode voltage. At the same time, the energy
absorbed by the scintillator due to the photoelectric
effect remains practically unchanged.
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Fig. 8. Calculated total energy of the incident X-ray on
the detector aperture, fraction of the energy absorbed in
the 3.5mm thick ZnSe scintillator due to the photoeffect

Minor deviations of the calculated energy absorbed
in the scintillation element due to the photoeffect from
the linear character may be due to the discrete nature of
the X-ray tube current regulation. With a minimal
change in the X-ray tube current of the Isovolt Titan 160
apparatus, the value of the ADC signal changed by
several hundred ADC codes. Therefore, the
determination of the X-ray tube current at which the
detector signal yields 60,000 in the ADC codes may
contain an error.

In general, it can be concluded that under unchanged
filtering conditions, the detector signal is determined by
the fraction of the X-ray energy absorbed in the
scintillation element due to the photoeffect.

DISCUSSION

The conducted studies confirm the possibility of
estimating the signal of the X-ray detector of the SC-PD
type by measuring the radiation energy absorbed in the
scintillator due to the photoelectric effect.

It should be noted that when changing the thickness
or material of the filter, the thickness or material of the
scintillation  element, the sensitivity of the
photodetector, the light collection conditions, etc., the
absolute value of the detector signal may change.

Also, the light absorption coefficient in the
scintillator at the wavelength of its emission may affect
the detector signal evaluation.

ZnSe(Al) in the considered energy range
(20...150 keV) does not have an absorption K-edge.
However, many scintillation materials contain heavy
elements (Csl, CWO, GOS, etc.), which have an
absorption K-edge in this energy range. In our opinion,
the use of experimentally obtained X-ray spectra can
improve the quality of model calculations and account

for the peculiarities of scintillation detector signal
formation.

When optimizing X-ray digital radiography systems
(DRS) for medical diagnostics using the DXA method,
the possibilities of model calculations of signals become
most relevant [3]. The main criterion when developing
such DRS is achieving a sufficient informational
parameter (e.g., accuracy in determining changes in
bone mineralization for osteoporosis diagnosis) while
minimizing radiation exposure to the patient.

CONCLUSIONS

Based on the results of this work, the following
conclusions can be made:

1. The X-ray spectra experimentally obtained with a
spectrometer with an energy resolution of 0.9 keV
provide a good match between model calculations of
detector signals and experimental measurements.

2. When changing the anode voltage of the X-ray
source and keeping the filtering of the X-ray unchanged,
the signal of the ZnSe(Al)-based detector can be
estimated from the total X-ray energy absorbed in the
scintillation element due to the photoeffect.

3. Using different filters to form the X-ray spectrum
requires an appropriate correction when calculating the
scintillation detector signal.

4. The results of this work can be used to optimize
DRS systems using the DXA method.
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BUKOPUCTAHHSA AITAPATHUX CIIEKTPIB PEHTI'EHIBCBKOI'O BUITPOMIHIOBAHHS
JJISI OBYUCJIIEHHSA CUTHAJIIB IETEKTOPIB
TUITY CHUHTUJIATOP-®OTOAIOA HA BA3I ZnSe(Al)

0./1. Onononin, A.B. Kpeu, H.JI. Kapasacsa, C.B. Maxoma

PO3riissHyTO MONHBICTH OINHKH CHTHAJIB CHMHTWIAMIMHUX IETEKTOPIB PEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS
(PB) 3a pe3ympTataMu MOJAEIBHHUX OOYMCIIEHb 3 BHKOPHCTAHHSAM EKCIIEPHMEHTAIFHO OTPUMAaHHX ciekTpiB PB y
nianasoni enepriit 20...150 keB npu anoxHii Hanpysi okepena PB 50...150 xB. IlokaszaHo, mo npu eneprisx PB
10 90 keB curnan perexkropa tumy cuuHTHISTOp—(hoTomion (CL-D/I) Ha 6a3i ZnSe(Al) ToBmuHOIO 3,5 MM MOXe
Oyt omiHeHMH sIK 3a eHeprieto PB, mo nagae Ha anepTypy JeTekTopa, Tak i 3a eHepriero PB, mo noryimHaeTscs y
JeTekTopi 3a paxyHok (oroedekry. [Ipu eneprisx PB 100...150 keB curnan nerexropa moxxe OyTH OLiHEHHH 3a
enepriero PB, mo nagae Ha ameprypy nmerekropa. Ilpm He3miHHMX yMmoBax ¢inbrpamii PB curnan nerexropa
OJTHO3HaYHO MO>Ke OyTH OLIiHEeHUH 3a eHeprieto PB, 110 norauHaeTbes y CHUHTHIATOPI BHACHIOK oToedexTy.
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