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Previous studies by the authors demonstrated the possibility of model-based estimation of signals from scintillation
detectors with a ZnSe(Al) scintillator thickness of 3.5 mm, based on the energy absorbed in the scintillator via the
photoelectric effect. In the present work, it is confirmed that detector signals for ZnSe(Al) scintillators of different
thicknesses (0.5, 1.5, 3.5 mm) are also determined by the fraction of X-ray energy absorbed in ZnSe(Al) due to the
photoelectric effect. It is established that the X-ray energy absorbed in the scintillator via the photoelectric effect and
producing the same detector signal level depends linearly on the ZnSe(Al) thickness. The study was carried out in the
X-ray energy range of 20...150 keV (tube voltage 50...150 kV) using 4 mm aluminum filtration

PACS: 29.40.Mc; 61.82.Fk;79.60.Bm

INTRODUCTION

Digital radiographic systems (DRS) employing dual-
energy X-ray absorptiometry (DXA) have found
widespread application in medicine and customs
inspection. In addition, there are numerous other fields
where DXA is used. For example, in the food industry,
DXA allows estimation of meat fat content, quality
control of nuts, detection of foreign inclusions in food
products, etc.

Currently, a wide variety of scanning-type DRS using
scintillator — photodiode (SC-PD) detector arrays are
produced worldwide. In medicine, such DRS employing
DXA are considered the “gold standard” for osteoporosis
diagnostics. Diagnosis can be performed for different
bone regions, with the femoral neck considered the most
accurate site, while forearm and finger phalanges are also
used. Specialized DRS exist for each type of
examination.

The main principle of medical X-ray application is
obtaining sufficient information content at a minimal
patient dose. In DXA for osteoporosis diagnostics, this
corresponds to detecting small changes (~1.5...2%) in
bone mineral density.

This necessitates optimization of each specialized
DRS to achieve the best information parameter. Signals
of SC-PD detectors are a convolution of many factors:
the X-ray spectrum, energy dependence of attenuation
coefficients in the object and filters, detector energy
selectivity, etc. Due to the large number of influencing
factors, optimization requires either extensive
experimental studies or model-based calculations.

Previously [1], it was shown that the signal of an SC-
PD detector based on ZnSe(Al) can be calculated from
the fraction of X-ray energy absorbed via the
photoelectric effect in a 3.5 mm thick scintillator in the
energy range 20...150 keV under fixed filtration
conditions.

This work is devoted to studying the possibility of
model-based signal calculations when varying the
thickness of the ZnSe(Al) scintillator.

1. METHODOLOGY

Calculation the variation of detector signals with
system parameters is a key task of modeling. The aim of
this work was to investigate the feasibility of modeling
detector signals for SC-PD detectors with varying
ZnSe(Al) thickness.

Experimental studies were carried out using a
prototype three-energy DRS comprising three 128-
channel detector arrays, each employing ZnSe(Al)
scintillators with thicknesses of 0.5 mm, 1.5 mm, and
3.5 mm. The aperture of each channel was approximately
2.5x1.5 mm.

At the first stage, for each tube voltage (50...150 kV,
step 10 kV), the tube current corresponding to a detector
signal of ~60000 ADC codes (lasooo0) was determined.
Thus, three values of lis000 Were obtained for each
voltage, corresponding to different scintillator
thicknesses.

At the second stage, the incident X-ray energy and the
fraction absorbed via the photoelectric effect in ZnSe(Al)
were calculated.

At the third stage, experimental and modeled results
were compared.

For model calculations, experimentally measured X-
ray spectra (Fig. 1) obtained using an AmpTek X-123
spectrometer (energy range up to 150 keV with a
resolution =~ 0.9 keV) were used [1].

The experimentally obtained X-ray spectra were
corrected for the spectrometer dead time, the detector
areas of the scanner and the spectrometer, and were
normalized with relative to the X-ray tube current and the
spectrum acquisition time [1].

Thus, to calculate the flux of X-ray photons through
the scanner detector aperture at an anode voltage Ua, the
normalized and corrected X-ray spectrum f(E) multiplied
by a proportionality coefficient with respect to the X-ray
tube current was used:

f’(E) :f(E)'Iaéoooo/Inorm, (1)
where la so000 iS the tube current corresponding to
60000 ADC codes, and Inom is the normalization current.

Previous studies have shown good agreement
between the results of model calculations and
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experimental measurements when using X-ray spectra
obtained with the AmpTek X-123 spectrometer.
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Fig. 1. X-ray spectra of the Isovolt Titan 160 source
measured at different anode voltages. The X-ray tube
current is =284 uA, the aluminum filter thickness is
4 mm, the acquisition time is 200 s, and the
spectrometer detector aperture is =~0.07 mm? [1]

2. RESULTS

According to the methodology described above, 33
values of 1, 60000 Were obtained experimentally (for eleven
values of U, per one channel in each of the three 128-
channel detector arrays).

X-ray tube current values corresponding to a detector
signal of approximately 60000 ADC codes for SC-PD
detectors based on ZnSe(Al) with thicknesses of 0.5, 1.5,
and 3.5 mm at anode voltages of 150, 90, and 50 kV

a) 150 kV

la, MA {1.5mm| 3.5mm | 0.5 mm |P=I,-U,, W
0.39 58436 61234 58.2
0.41 61318 64331 61.2
0.33 61230 | 49331 51778 49.05
b) 90 kV
la, MA |1.5mm3.5mm 0.5 mm |P=I.-U,, W
1.07 |64012| 44710 | 60539 96.93
1.45 — 60324 — 131.22
1.02 |60515| 42302 | 57249 91.71
c) 50kVv
l, mMA |1.5mm| 3.5mm | 0.5 mm | P=I,-U,, W
5.9 51467 | 30090 60262 294.75
11.86 - 60257 - 592.95
6.9 60270 | 35213 - 345.15

Selected experimental data are summarized in
Table I. The left column lists the values of . 60000 for SC-
PD detectors based on ZnSe(Al) with thicknesses of 0.5,
1.5, and 3.5 mm. The right column presents the X-ray
tube power, defined as P=I,U.. The dependence of the X-
ray tube power required to produce a detector signal of
60000 ADC counts for ZnSe(Al)-based detectors on the
anode voltage is shown in Fig. 2.

As shown in Fig. 2, the maximum X-ray tube power
(P=~600W) is observed at low anode voltage
(Ua =50 kV) and a scintillator thickness of 3.5 mm. This
is attributed to the high self-absorption of X-ray radiation
in ZnSe(Al). Low-energy X-rays are absorbed within the
near-surface layer of the scintillator (up to ~1 mm), while

additional attenuation occurs along the optical path to the
photodetector (~40% per 1 cm in ZnSe(Al)).
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Fig. 2. X-ray tube power corresponding to a detector
signal of ~60000 ADC codes for SC—PD detectors
based on ZnSe(Al) with thicknesses of 0.5, 1.5,
and 3.5 mm. X-ray filtration: 4 mm Al

The total incident X-ray energy on the detector
aperture and the energy absorbed in ZnSe via the
photoelectric effect per second were then calculated. The
X-ray attenuation in ZnSe was evaluated using reference
data [2, 3] and the exponential attenuation law:

S=S,-e ", 2
where Sp is the initial X-ray intensity, um is the mass
attenuation coefficient, p— is the material density, and x
is the thickness along the propagation direction.

The attenuation of X-rays in ZnSe for different

thicknesses, including the contribution of the
photoelectric effect, is shown in Fig. 3.

100 e :;‘~—-;;;--_“_:\
20 ™ N
BN SN
- 80 AN N SN
= 70 N\ N N
s \ SN N
= N N
Z 60 \ ~ N ~
= —_ N N ~ ~
= S0 0.5mm N SO RS ~
= R ~ ~ —
= 40 —==1.5mm ~§\ ™ ~o —_—
= ——3.5mm ~ N S~
£ 30 S ~ —— ™~
- 20 — Photo 0.5mm ~ \:_:__\ ~— .ﬁ\::-‘k‘
10 —-Photo 1.5mm ‘*\__—::.__ \-—.__‘-___'
0 —-Photo 3.5Smm T —
20.0 40.0 60.0 80.0 100.0 120.0 140.0
E, keV

Fig. 3. X-ray attenuation in ZnSe for thicknesses
of 0.5 mm, 1.5 mm, and 3.5 mm (solid lines), including
the contribution of the photoelectric effect
(dashed lines) [1]

The total energy of the X-ray flux incident on the
detector aperture per second, i.e., the X-ray power, was
then calculated as:

Imax

P(keV/c) = Z Ei : Ni ! ®)

Imin
where imin and imax — are the spectrometer channel
numbers corresponding to energies of 20 keV and
150 keV, respectively; N; — is the number of counts
recorded in the i-th channel; and E; — is the X-ray photon
energy corresponding to the i-th channel.

Thus, (3) yields the X-ray power incident on the
detector aperture corresponding to a detector signal of
60000 ADC counts. In addition, using (2), the fraction of
X-ray power absorbed in ZnSe(Al) was calculated for
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scintillator thicknesses of 0.5, 1.5, and 3.5 mm. The
results are presented in Fig. 4.
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Fig. 4. X-ray power incident on the detector aperture
for ZnSe(Al) based detectors with scintillator
thicknesses of 0.5, 1.5, and 3.5 mm (solid lines), and the
fraction absorbed via the photoelectric effect (dashed
lines). All experimental data and model calculations
correspond to a detector signal level
of 60000 ADC counts

As previously shown in [1], for ZnSe(Al) based
detectors with a thickness of 3.5 mm, the detector signal
can be calculated from the fraction of X-ray energy
absorbed in ZnSe(Al) via the photoelectric effect. From
Fig. 4, it follows that the detector signals for ZnSe(Al)
with thicknesses of 0.5 and 1.5 mm can also be estimated
based on the absorbed X-ray energy due to the
photoelectric effect. However, the absolute power level
required to produce a detector signal of 60000 ADC
counts varies with the scintillator thickness.

Conversion of power from keV/s to J/s is performed
using the factor 1 eV=1.602 176 634-107"° J.

For a ZnSe(Al) scintillator with a thickness of
3.5 mm, the incident X-ray power corresponding to a
detector signal of 60,000 ADC codes is 19.9 nW. For
thicknesses of 0.5 and 1.5 mm, the corresponding values
are 12 and 8.3 nW, respectively (Fig. 5).
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Fig. 5. X-ray power absorbed in the detector via the
photoelectric effect as a function of ZnSe(Al) scintillator
thickness, corresponding
to a detector signal of 60,000 ADC codes

As shown in Fig. 5, the X-ray power required to
produce a detector signal of 60000 ADC codes exhibits a
linear dependence on the scintillator thickness with high
accuracy.

3. DISCUSSION
This work, together with previous results [1],
confirms the feasibility of predicting the signal level of
SC-PD detectors employing ZnSe(Al). The modeling
approach is based on the assumption that the detector

signal is determined by the fraction of X-ray energy
absorbed in the scintillator via the photoelectric effect.

While [1] experimentally validated this approach for
ZnSe(Al) with a thickness of 3.5 mm, the present study
demonstrates that, within the thickness range of
0.5...3.5mm, the X-ray energy absorbed via the
photoelectric effect corresponding to a detector signal of
60000 ADC codes exhibits a linear dependence on the
scintillator thickness (see Fig. 5).

Thus, it has been demonstrated that, for ZnSe(Al),
model-based calculation of the detector signal is feasible
under specified conditions. The experiments were
performed under fixed X-ray filtration, and the detector
design and components, except for the scintillator
thickness, were identical for all detectors (photodiodes,
optical coupling material and thickness, reflective
coating, etc.).

ZnSe(Al) does not exhibit a K-edge absorption in the
considered energy range (20...150 keV). However, many
scintillation materials contain relatively heavy elements
(e.g., Csl, CWO, GOS) that exhibit K-edge absorption
within this range.

In the presence of a K-edge, the detection efficiency
may change abruptly when the X-ray spectrum contains
a high-energy component with Ey.ray>Ek, Where E is the
K-edge energy. Nevertheless, it is expected that the
detector signal can still be predicted based on the fraction
of X-ray energy absorbed via the photoelectric effect.
However, the dependence shown in Fig. 2 may exhibit
deviations when the maximum X-ray energy Emax>Ex,
where Enmax is determined by the anode voltage U,, and
exceeds Ex.

The use of experimentally measured X-ray spectra
obtained with semiconductor spectrometers is expected
to improve the accuracy of model calculations.

Further studies are required to investigate the effect
of X-ray filtration, which alters the balance between
high- and low-energy components in the X-ray spectrum.

It is reasonable to assume that, even for SC-PD
detectors employing scintillation materials containing
heavy elements with a K-edge in the 20...150 keV range,
the applicability and accuracy of the modeling approach
will generally be consistent with the results of this work.
However, in the presence of a K-edge, the linear
dependencies shown in Fig. 4 may exhibit discontinuities
when Ua increases such that Uy — Emax > Exk.
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CONCLUSIONS

Based on the results of this study, the following
conclusions can be drawn.

1. The signal of scintillator—photodiode (SC-PD)
detectors based on ZnSe(Al) can be calculated from the
power (energy) of X-ray radiation absorbed in ZnSe(Al)
via the photoelectric effect. However, the level of X-ray
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3AJIEKHICTh CUTHAJTY JETEKTOPA TUITY CHUHTUJISITOP — ®OTOJIO]
HA BA3I ZnSe(Al) BI] TOBIIMHU CLIUHTWISILIIHOT'O EJJEMEHTA

0./1. Onononin, A.B. Kpeu

IomepenHi MOCHIMKCHHS aBTOPIB IOKa3all MOXKIHBICTH MOJEIBHOT OI[IHKHM CHUTHAJIB CIMHTHIIAIIAHIX
JICTEKTOPIiB NPU TOBIIUHI CHUHTWIALIAHOTO enementa 3,5 Mm ZnSe(Al) 3a eneprieto, 110 MOTTHHAETHCS Y
CIMHTWIALIHHOMY eJleMeHTi 3a paxyHoK ¢oroedekry. [ligTBepmkeHO, IO CHTHAIH JAETEKTOpiB Ha 0asi
CHMHTWIALIHHUX eneMenTiB pizHol ToBmuan ZnSe(Al) (0,5; 1,5; 3,5 mm) Takox BH3HAYAIOTHCS J0ei0 eHeprii PB,
ske mornuHaeTbess y ZnSe(Al) 3a paxynok dortoedekry. BeranosneHo, mo eneprisi PB, sike mornuHaeTbes y
cuuHTHIsALi HHOMY enemeHTi ZnSe(Al) 3a paxyHok horoedekTy Ta cipuunHSsIE OJJHAKOBUI PIBEHb CUTHAITY JIETEKTOPA,
TiHiIAHO 3anexuTh Bif toBuHU ZnSe(Al). Jlocmimkenns nposeaeHo ajis aianazony eneprii PB 20...150 keB
(anoana Hanpyra mkepena PB 50...150 kB) mpu 3actocyBaHHi (ibTPiB 3 aTIOMIHII0 TOBIIHHOIO 4 MM.
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