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Theoretical analysis and experimental studies have been carried out of parameters of
two-layer sandwich-detector of scintillator-photodiode type, in which the low-energy detec-
tor works both as absorption filter of low-energy fraction of radiation for the high-energy
detector and detector of the low-energy radiation. The energy dependence deviation does
not exceed 5 % in the range from 30 to 120 keV. The developed detector and the
instrument designed on its base allow contactless measurement of anode voltage of X-ray
emitter from 40 to 140 kV with accuracy of £3 %. The dose rate measurement range is
1-200 R/min.
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TIpoBeseH TeopeTHUYECKUH AHAJNN3 U 9KCIEPUMEHTAJIbHOE WCCJe[OBaHNe MIapaMeTpoB
JBYXCJIOMHOTO COHABUY-TETEKTOPA TUIA CIUHTWIAATOP-GOTOANOL, B KOTOPOM HUBKO9HEpTe-
TUUECKUI JEeTEeKTOP CHYHKUT (PUILTPOM TMOTJIONIEHNA HU3KOYHEPTETUUYEeCKOH YacTu uajayue-
HUS Ui BBICOKOSHEPTeTUYECKOTO AeTEeKTOPa U OJHOBPEMEHHO PEerucTpaTopoM HU3KOIHEpTe-
TUYECKON uacTy crmexTpa. HepaBHOMEPHOCTL HHEPreTUUEeCKOU 3aBUCUMOCTU He TPEeBHINIaeT
+ 5 % B guamazone or 30 mo 120 xsB. IMeTexTop M mpubGOp Ha €ro OCHOBE MO3BOJIIOT
GECKOHTAKTHBIM METOLOM K3MEPATh AHOLHOE HAIPsMKeHHe TPYOKU DPEHTIreHOBCKOI'O M3Jyda-
teas or 40 go 140 kB ¢ morpemHocTeio He Gosiee £ 3 % . [[namasoH maMepeHUsA MOIIHOCTHU
ro3el ot 1 mo 200 P/mumn.

HerekTopu i nmpmaagu Aas peecTpanil peHTreHiBCBKOro BHIPOMIHIOBAHHS Ha OCHOBi
Kpucragis cexenuny wunky. B.JJ.Puxuxos, B.I'Boarxos, O.[].Onononin, C.B.Maxoma,
B.B.Marcumuyk.

ITpoBemeno TeopeTuuHuil aHAII3 TA eKCIepUMEHTAJbHE JOCIiIKeHHs IIapaMerpiB IBOIIIA-
POBOTO CeHIBiU-IeTeKTOpa THUILY CIIUHTHUJIATOP-(GOTOAION, B SKOMY HU3bKOCHEPTeTHUHUIT Ie-
TexTop (HI) cay:uts QiabTpoM IIOrIMHAHHA HU3bKOCHEPreTUYHOI YACTHHMA BHIIPOMIHIOBAaH-
HA JJid BucokKoeHeprermuHoro xetekropa (Bll) i BogHouac peecTpaTopoM HHSLKOCHEPIreTHY-
HOI vacrtunu cuexrpa. HepiBHoMipHicTs eHepreruuHol sanesHocTi He mepesumnye + 5 % B
miamasoni Big 30 o 120 keB. IerekTop i mpuiaajg Ha HOTO OCHOBI J03BOJNAIOTH GE3KOHTAKT-
HUM METOJOM BHUMIipIOBATH aHOAHY HANPYIy TPYOKM PeHTreHiBchbKOro BuIpoMinioBaua six 40
xo 140 kB 3 moxubkorwo He Ginbime + 3 % . [ianason BumipoBamHA mOTy:KHOCTI mosu Bix 1
mo 200 P/xs.
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1. Introduction

Scintillators based on zinc selenide crys-
tals [1-8], are characterized by their high
light output (<70000 photons/MeV) [4],
broad (<10%) dynamic range with practically
linear dependence on the dose rate, high
radiation stability [5], thermal stability up
to >100°C, low afterglow level (less than
10 % after 5 ms). Their emission spectrum
with luminescence maximum close to
640 nm is well matched with photosensitiv-
ity spectrum of silicon photodiodes. Because
of these advantages, ZnSe-based scintilla-
tors are used in dosimeters for monitoring
powerful radiation fluxes [5, 6], were pro-
posed for application in computer tomogra-
phy [7, 8] and, in recent years, found wide
application in a new generation of X-ray
introscopy systems for security and customs
inspection of cargo and hand luggage [9].

Among the drawbacks of these scintilla-
tors, one can note rather low transparence
to intrinsic radiation (about 0.1 ecm™1), long
decay time (from 5 to 50 us, depending on
the activator) and low (32) effective atomic
number. The last drawback makes them
suitable mainly for detection of X-ray radia-
tion (recommended detector thickness up to
5 mm), but it is transformed to an advan-
tage when they are used in multi-energy
systems. Thin plates of these scintillators
ensure practically full absorption of the
low-energy region (up to 30-40 keV) and
show weak sensitivity to the high-energy re-
gion. This provides for high signal-to-noise
ratio of structures composed of high- and
low-energy detectors.

The use of 2- and 3-layer structures of
zinc selenide scintillators with different fil-
ters allows leveling the energy dependence
and can be recommended for dosimetry appli-
cations of these scintillators [10]. For the
same purpose, one can use a composite scin-
tillator with density close to biological objects
[11, 12]. In such structures, small-crystalline
granules are put inside plastic filler.

The possibility to level the energy de-
pendence in using several scintillators with
filters allowed creation of an instrument for
monitoring of X-ray radiation parameters
and dose obtained by patients during treat-
ment [13]. In this instrument, three detec-
tors based on zinc selenide scintillators are
located behind copper filters of different
thickness. Each detector is optimized for a
specified range of X-ray radiation spectrum
of the emitter [13, 14]. Also, at the detec-
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Fig. 1. Energy dependences of detector sensi-
tivity in "sandwich” structures: I — X-ray
spectrum of W-anode; 2 — ZnSe(Te) LED sen-
sitivity I, I;/I, =1.32; 3 — sensitivity of
Csl(Tl) HED behind ZnSe(Te) LED I3, I3/, =
2.43.

tors switch-over boundaries characteristics
are deviated from linearity.

Thus, the aim of the present work was
creation of a dosimeter-tester of X-ray ra-
diation that would take full advantage of all
qualities of zinc selenide scintillators.

2. Theory

It is necessary to get estimate density of
photons emission flux for to identify dose
power of X-ray tube. So it’s need to deter-
mine it’s in limited energy range and to find
condition of absorption of photons beam in
crystals substance for choose geometry and
optimization design detector at whole.

Traditionally used in medicine are emit-
ters with tungsten anode and accelerating
voltage up to 140 kV. The emission spec-
trum of W-anode and energy dependences of
LED and HED in "sandwich” structures
(with different combinations of materials)
are shown in Fig. 1.

Since in many cases X-ray emitters are
used with filters, we present in Fig. 2 emis-
sion spectra for this variant.

Absorption of the photon radiation en-
ergy I ph in the crystal is varied as:

Iy = To(1 - ehh), (1)

where I is the flux density I,, in the input
plane of the crystal, u is the linear absorp-
tion coefficient of photon radiation deter-
mined according to [15].

Spectral radiation density I,, for continu-
ous spectrum of X-ray radiation generated at
anode current i from the anode made of sub-

stance with atomic number Z can be pre-
sented, for approximate calculations, as [17]

1, =CiZ(vg - V). (2)
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Fig. 2. X-ray radiation spectra obtained at
different anode voltages of the X-ray source
and at different filtration conditions.

The intensity of X-ray bremsstrahlung
generated at voltage U can be found by in-
tegration of the expression (2) [11]:

1 = [1,dv = Ciz|(v - vo)dv = Cizv3/2. (3)

The signal coming from X-ray detector
of scintillator-photodiode type in the form
of current is proportional to the intensity of
X-ray radiation in the spectral range of the
detector sensitivity.

The detector signal can be calculated as
integral of radiation spectral density multi-
plied by spectral sensitivity of the detector.

Within a certain approximation, when
characteristics of spectral sensitivity are
taken as ideal, the problem of finding low-
energy and high-energy detector signals is
reduced to varying the integration limits in
(3) and introducing a constant factor D for
each specific detector.

To obtain the low-energy detector signal,
the integration limits are from 0 to fre-

quency vy, leading to the expression

For the high-energy detector, the inte-
gration limits are from v; to vq:

To calculate the anode voltage of the
emitter, expressions (4) and (5) should be
used. Accounting for sensitivity of the de-
tectors, the calculation procedure includes
calibration coefficients with respect to the
radiation dose rate.

In general, the X-ray sensitivity is calcu-
lated from the following considerations.
Transformation of ionizing radiation energy
EY to the initial SELDI signal goes through
several stages related to the following proc-
esses:
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1. Absorption of the initial radiation in
the scintillator. The absorbed radiation a, =
(Uy/M(1 — e Md), where u is the linear ab-
sorption coefficient, p, is the coefficient
corresponding to the real absorption charac-
terizing that fraction of E, that is trans-
ferred to the scintillator, and d is the scin-
tillator thickness.

2. Transformation of the absorbed energy
into light scintillation AvV-N, = Nscp-Ey
where N is the total number of scintillation
photons, Nge is the conversion efficiency, or
the physical light yield of the scintillator.

3. Collection of light quanta on the pho-
todiode (PD), the efficiency of which is de-
termined by the light collection coefficient
K.=N,,/N¢, Np, is the number of light
quanta that have reached PD.

4. Transformation of the light energy ab-
sorbed by PD to the energy of charge carri-
ers, which is dependent upon quantum effi-
ciency of PD and spectral matching coeffi-
cient K, of luminescence spectrum of the
scintillator and spectral sensitivity of PD.

5. Separation at the p—n junction and
accumulation of charge carriers at PD elec-
trodes, determined by efficiency of charge
carrier collection n,.

As a result, the output signal @ of the
scintielectronic detector (SELDI) is

E
Q:(ay.e.;\'\f).(nsc.npD.ne.Ku.Kc), (6)

and the X-ray sensitivity C is

C= Q/EY[Coulombs/eV]. (7

The intensity of X-ray bremsstrahlung
can be found by integration of (2). The ob-
tained result shows that the dose rate is
linearly dependent upon the anode current,
and quadratically dependent on the poten-
tial difference of the X-ray tube accelerat-
ing field. The dose absorbed by the irradi-
ated object is calculated as integral of dose
rate over the total time.

Integrating the expression (2) from 0 to
Vi, we obtain an analytical expression for
the low-energy active filter:

Ipp = DiCiZ(vyv, — v§/2). )

Inegrating (2) from v; to vy, we find an
analytical expression for the HED signal:
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Table 1. Thickness of 90 % absorption L., as function of photon radiation flux energy Eph

Eph’ keV 10 20 50 80 100 120 150
L., mm
ZnSe(Te) 0.03 0.1 1.2 4.4 7.5 11 17
CsI(TI) 0.03 0.19 0.4 1.4 2.5 4.0 6.9
Cdwo, 0.03 0.07 0.48 0.6 1.1 1.7 2.9
F,a.u.
The signal (in the form of current) com- 1.5
ing from X-ray radiation detector of scintil-
lator-photodiode type is proportional to: i HKCS
e X.ray radiation intensity in the spec- *kSe

tral range of detector sensitivity.

o Area of the detector output window,
which should be perpendicular to the flux
direction of X-ray radiation.

e The intrinsic sensitivity of the detec-
tor, which is determined by its design and
material.

The detector signal can be calculated as
integral of radiation spectral density multi-
plied by spectral sensitivity of the detector.

Summing up the results of these rather
complex and tedious calculations, it should
be noted that the detector current is propor-
tional to X-ray radiation intensity, and
spectral dependence of the detector sensitiv-
ity is determined by the amplitude of scin-
tillation at photon energy E;.

The intensity of photon radiation flux in
the output plane for a given crystal thickness
was calculated accounting for the absorption
coefficient for known crystal transparence.
Thus, the optimum scintillator thickness (for
a given energy) L,,; is smaller that the thick-
ness of 90 % absorption [16].

Fig. 8 shows this dependence accounting
for the difference in light output and spec-
tral matching of these scintillators with
photodiode [16].

A generally accepted criterion for choos-
ing the detecting element thickness L. is
90 % absorption of the energy flux of the
photon ionizing radiation E,, in the scintil-
lator material. In Table 1, L, values for
some scintillators are presented. Calcula-
tions were carried out according to [15].

3. Experimental

In this work, for measurements of X-ray
radiation dose rate and parameters of the
emitter (anode voltage and X-ray tube cur-
rent) we used two-layer sandwich detectors
of scintillator-photodiode type.

There were investigation of energy-selec-
tion probability detectors type SC-PD for
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Fig. 3. Dependence of intensity luminescence
(with spectral according with photoreciver) for
optimum thickness crystals from energy pho-
tons beam. 1 — Csl(Tl), 2 — CWO, 3 — ZnSe
(K, = 0.2 em™1). Arrays mark energy of K-
abrupt absorption different elements [16].

example standard couple detectors from
double-energy digital radiography system
(DRS) and so as three similary detectors
with different filter. We choose these ob-
jects because similar calculation permit us
not only estimate energy-selection parame-
ters of detectors but so as relation signal
detectors by used creation without contact
measurement anode voltage of X-ray tube.
There were measured at first outside
spectrum of X-ray beam with different
anode voltage. Further by used base date
U,(E) and output spectrum X-ray emission
it was calculate spectrum X-ray beam that
put on scintillator after pass trough filter.
All calculation was implement for ZnSe(Te)
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Fig. 5. Energy dependences of X-ray radia-
tion absorption efficiency by zinc selenide of
different thickness.

and Csl(Tl) scintillators. For estimate level
signals from detectors used value u,(E) [15]

and W,,(E) [15] that according part of energy
input beam that pass to charge particle (pref-
erable electrons-photoeffect) in SC. After that
calculated spectrum beam output from detec-
tors. At double-energy detectors this spec-
trum used as spectrum beam input at second
(high energy) detectors — HED, that set-top
after first — LED detectors (Fig. 4).

Scheme of detectors according Fig. 4b by
used at device UKREH, Moscow [14]. Scheme
of detectors according Fig. 4a. at first pro-
posed at this work for create original device
at ISMA NAS of Ukraine, Kharkiv [18].

A traditional solution for leveling the en-
ergy dependence of the detector in the X-ray
radiation range 80-140 keV is the use of
copper filters of different thickness. A
unique feature of zinc selenide crystals is
that their effective atomic number (Z = 31)
is the same as atomic number of copper.
But, unlike copper, ZnSe as filter is not
passive, but active. A certain fraction of
the energy absorbed in low-energy X-ray
range (20—60 keV) is transformed to light.
Photons of higher energies penetrate
through the filter and are detected by the
high-energy detector (HED). Thickness of
zinc selenide HED should be by an order of
magnitude larger to ensure efficient detec-
tion. When cesium iodide is used as HED,
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Fig. 6. Ratio, difference and sum of normal-
ized light fluxes LED (I) and HED (2) for
sugar.

which has much higher effective atomic
number (Z = 54), its thickness must be cal-
culated appropriately (Table 1).

Traditionally used in medicine are emit-
ters with tungsten anode and accelerating
voltage up to 140 kV. The emission spec-
trum of W-anode and energy dependences of
LED and HED in "sandwich” structures
(with different combinations of materials)
are shown in Fig. 1.

Since in many cases X-ray emiters are
used with filters, we present in Fig. 2 emis-
sion spectra for this variant. Fig. 5 shows
the energy dependence of the efficiency of
absorption of radiation LED and HED detec-
tors. The use of active filters (LED) in combi-
nation with HED opens broad possibilities for
application of such sandwich structures. In
particular, it becomes possible to analyze and
process the sum, difference and ratio of sig-
nals coming from these detectors, which en-
sures broad (up to 10%) measurement range of
X-ray radiation intensity from the source and
leveling of the energy dependence.

In Fig. 6, we present sensitivity after
transmission of radiation through an or-
ganic object and in Fig. 7 — the total out-
put signal of HED and LED in different
combinations. Signal from detectors that
calculated for anode voltage from 30 keV to
150 keV get possibility to get estimate relation
signals for dual-energy detector (Fig. 7). As
you can see from Fig. 7 relation signals for
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Fig. 7. HED output signal with active filters
in different combinations for different tube
voltages.
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Fig. 9. Schematic design of the instrument
"KRISTALL": I — detector No.1; 2 — detec-
tor No.2; 3 — amplifier No.1; 4 — amplifier
No.2; 56 — ADC; 6 — microcontroller; 7 —
computer.

analasised dual-energy detector enough high
that permit us to receive accuracy precision
amplitude emission of anode voltage up to
150 keV without transfer switch on/off range
measurement.

Experimental measurement of anode volt-
age by used dual-energy detectors confirm cal-
culation results.

As a result, we have chosen an optimum
design of the detector as a whole and geomet-
rical dimensions of LED and HED that allow
leveling of the energy dependence to within
specified limits (Fig. 8).

Also, we have realized an instrument design
for detection of radiation dose rate and parame-
ters of the whole emitter (Fig. 9, 10) [18].

Main technical characteristics of the instru-
ment are presented in Table 2.

The instrument has successfully passes
clinical testing and was recommended for gen-
eral application for X-ray diagnostics in medi-
cal institutions.

4. Conclusions

An original [18] two-layer sandwich detec-
tor of scintillator-photodiode type has been
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Fig. 8. Energy dependence of sensitivity of
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Fig. 10. Blocks of the "Kristall” instrument: a)
detection block with connection cable of 10 m
length; b) microprocessor block with open lid.

developed on the basis of exclusive zinc selenide
crystals [2, 3], as well as an instrument based
thereon for high-precision measurement of ra-
diation dose rate and parameters of the emitter
in a broad range (Fig. 10). The instrument has
passed clinical testing and was recommended
for use in medical institutions for X-ray diag-

nostics.
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Table 2. Main technical characteristis of the instrument

Exposition dose rate of X-ray radiation, R/min From 1 From 6 From 20 From 100
to 6 to 20 to 100 to 200
Basic measurement error, not more than, % 20 15 10 10
Variation range of anode voltage, kV From 30 From 40 From 50 From 70
to 39 to 49 to 69 to 140
Basic measurement error, not more than, % 5 3 1 2.5
Irradiation time range From 20 ms to 3 min

Basic measurement error,. not more than, %

1

Testing was carried out under normal conditions according to GOST 27451-87

after stabilization of the operation regime

Temperature, °C 20+2
Atmospheric pressure, kPa 101.8%54-15.3
Relative humidity, % 60720-30
All measurements were carried out Stabilization time of operation regime — 1 min
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