Functional Materials 11, No.1 (2004)

Energy characteristics of scintillators
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In a broad energy range of X-ray radiation (U = 2 + 175 kV), we have studied output
characteristics (light output, quantum yield of luminescence, etc.) of scintillators based on
ZnSe crystals, as well as scintillators Csl(Tl), CWO, GSO and Al,O4(Ti). It has been shown
that maximum quantum yield, as well as light output in the energy range E, < 80 keV, is
observed for scintillators based on zinc selenide. Their advantages are considered for
applications in low-energy detection subsystems of multi-energy X-ray introscopes. Effects
of geometrical factors scintillation elements upon output characteristics of such scintilla-
tors are discussed.

B mupokom nmamnasoHe sHepruii peHTreHoBckoro msayuenusa (U = 2 + 175 xkB) usyuensr
BBIXOJHBIE XapaKTEePUCTUKU (CBETOBBIXOM, KBAHTOBBIM BBIXOJ JIIOMUHECIIEHIMU W ADP.) CI[MH-
THUJIATOPOB Ha ocHOBe ZnSe, a raksxe cnmaTHIIATOpoB Csl(Tl), CWO, GSO u Al,O4(Ti).
ITokasaHo, YTO MaKCHUMaJbHBIN KBAHTOBBIII BBIXOJ[, a TaKyKe CBETOBBIXOJ B 00JIaCTU 9HEPTUH
E, < 80 k5B nMeOT COIMHTUJIATOPE HA OCHOBE celeHua NuHKa. OnpeneseHbl MepCIeKTUBEL
WX IPUMEHEeHUS B HU3KOSHEPreTMUEeCKUX IOACUCTEeMAaXx MeTeKTUPOBAHUS PEHTTeHOBCKOTO M3JIY-
YeHUsI B MYJbTU-9HEPTreTUUECKUX HHTPOCKOINax. V3yueHbI reoMerpudyecKue (PaKTOPBHI CIIUHTUJI-
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JAOVWOHHBIX 9JIEMEHTOB, BJIIMAIOINE HA BBIXOJHBbIE XaPAaKTEPUCTUKUN CHOUHTUJIIATOPOB.

In modern X-ray introscopy systems
(XRIS) for medical and technical tomogra-
phy, osteodensimetry, customs and security
introscopy, etc., the most widely used are
radiation detectors of the "photodiode-scin -
tillator” type (PD-S). The efficiency of a
PD-S detector is determined both by proper -
ties of the scintillation crystal (SC) used
and by parameters of the photoreceiver. The
signal value @ at the detector output under
gamma-quanta flux of energy E, is [1]:

Q = (kyps Ue OE ./ hv) x 1)

x (nsc D-]pd D]e Dklc Dksm)’
where k., is the fraction of radiation that
is absorbed by SC, e is electron charge, Av is

average energy of scintillation photons, ng.
is conversion efficiency of SC, Npd is quan-
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tum efficiency of the photodiode, n, is effi-
ciency of charge carrier collection on PD,
k;. is light collection coefficient, £k, is
spectral matching coefficient of scintilla-
tions in the region of PD sensitivity. Mod -
ern technologies allow preparation of PD
with parameters close to the theoretical lim -
its, and the problems of production of de-
tectors for XRIS mainly consist in the
choice of SC with optimum energy charac-
teristics — quantum efficiency and depend -
ence of the light output upon the detected
radiation energy.

An additional condition for achieving
higher efficiency of the scintillation trans-
formation by a combined detector is the
choice of an optimum thickness, at which
the ionizing radiation is fully (commonly
considered value is 90 %) absorbed by the
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detector material. A further way for im-
proving the efficiency is creation of the op-
timum light collection conditions from the
scintillator to the photoreceiver. The light
collection coefficient T depends upon the
scintillator shape, its refraction coefficient
(n), absorption factor (a, cm™1); also impor-
tant is the use of additional reflecting sur -
faces, optical adhesive between the scintilla -
tor and the photoreceiver, etc.

The commonly used scintillators for de-
tection of low-energy X-ray radiation in-
clude such single crystalline scintillators
like CslI(TI), Nal(Tl), CWO, etc. It would be
of great interest to use scintillators of
other types, in particular, semiconductor
scintillators based on isovalently doped
ZnSe. These scintillator materials are non-
hygroscopic, have high conversion effi-
ciency, as well as good spectral matching
with Si photodiodes and other advantages.

The present work was aimed at estab-
lishing conditions for optimized uses of
scintillators of different types Csl(Tl);
CWO; ZnSe(IVD), where IVD — O, Te, Cd;
Al,O5(Ti); GSO) in XRIS of special purpose
(tomographic, industrial, two-energy systems
for security/customs inspection) in the X-ray
radiation energy range of E, = 2-150 keV.
The concentration of activating dopants in
the crystals was 0.1-0.5 % (mol.). The
crystals were grown by conventional meth -
ods.

In this study, we considered energy char -
acteristics of scintillators, such as the abso -
lute energy yield of the X-ray luminescence
(n), light output as function of energy I(E,)
and sample thickness I(d) at different values
of the energy E, of the X-ray radiation and
different shapes of the scintillator samples.

Measurements of the light output (I;,)
were carried out in the current mode under irra -
diation using a REIS X-ray source (I = 50 LA,
U = 45 kV) with BS-1 microfocal tubes. To
determine statistical error of the measure-
ments, data were used that had been ob-
tained using different X-ray tubes. The op-
tical radiation power was recorded by a
"Kvarts-1" device with a receiver of silicon
photodiode FD-288 with known spectral dis-
tribution of sensitivity. The samples used
were discs with polished top and bottom
side and grinded rims, 2 mm thick and of
diameter corresponding to the diameter of
the photodiode sensitive area. As a refer-
ence, a Csl(Tl) crystal was used, with its
light output 55000 h/meV.

Measurements of X-ray luminescence
light output as function of energy I(E,)
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were carried out using 10x10x0.7 mm3 scin-
tillator samples. As excitation sources, we
used X-ray devices IRI with W-tubes (volt-
age range on the tube from 50 to 200 kV)
and REIS-I (Ag-tube BS-1, U = 2-50 kV). A
FEU-100 PMT was used as receiver, with
its spectral sensitivity range from 200 nm
to 800 nm. The sample was located directly
on the anode of the X-ray tube. The meas-
urements were carried out both in the case
of the polished output window and of the
grinded one. In addition, studies were car-
ried out of the effects of a TAVEK reflec-
tive coating of 0.05 mm thickness.

Absolute energy yield of scintillation
materials. The absolute energy yield (n),
defined as ratio of the total energy of the
luminescence photons to the energy spent
for their excitation, is the most important
and universal characteristic of X-ray lumi-
nophores and scintillation materials. Direct
methods of measuring the absorbed dose in
the current measurement mode (conversion
efficiency (N.,,,)) include early works on
determination of the absolute energy yield
by means of chemical actinometry [2]. In
practice, many scintillators operate in the
spectrometric (pulse) mode; therefore, spec-
trometric methods for determination of the
absolute energy vyield, scintillation effi-
ciency (Ngeiny)> are widely used, based upon
calibration of the spectrometric circuit and
defined either by the one-electron PMT
level or by number of electrons that are
generated in a silicon detector [3—4].

In this work, we determined absolute val -
ues of the light output of scintillation crys-
tals under X-ray excitation in the current
measurement mode. All possible factors af -
fecting the true value of the scintillator
light output were intended to be accounted
for. As reference, a sample with known
light output value was used. Such measure -
ment procedure allows accounting for con-
tributions from both fast and slow lumines -
cence components and is the most close to
the real operation conditions of scintillators
in introscopic systems.

In this case, the light yield value should
be described by the following expression:

n= Il.o./ksm Dklc Dkabs’ (2)

where I;, is light output, k,, is spectral
matching coefficient between scintillator ra -
diation and photoreceiver sensitivity; k. is
light collection coefficient of the scintillator
sample; %, is coefficient of X-ray absorp-
tion in the substance.
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Table 1. Calculated values of coefficients k,,, k., k,;,, experimental data of the light output I, ,

and absolute light yield n values for scintillator samples
Scintillator | &, k. L I, n
1

crysta calculated with respect to ph/meV

from (2) Csl(TI)

Csl(TI) ]0.77 10.115| 1 |0.00296+0.00005 | 0.0334+0.0006 1.0 55000
ZnSe(0) | 0.870.076 | 1 |0.00226+0.00005 | 0.0342+0.0008 | 1.024+0.03 56000+2000
ZnSe(Te) |0.89 [0.077| 1 |0.00303+0.00005 | 0.0442+0.00075 | 1.323+0.02 73000+1500
ZnSe(Cd) | 0.88 |0.076 | 1 |0.00255+0.00005 | 0.0382+0.0007 | 1.142+0.02 630002000

Cwo 0.73 | 0.09 1 0.00085+0.00004 | 0.0125+0.0006 0.37410.01 205001000

GSO 0.66 | 0.12 1 0.00045+0.00004 | 0.0057+£0.0007 0.171+£0.01 9500£600
AlLO4(Ti) | 0.9 | 0.08 | 1 |0.00034+0.00004 | 0.0046+0.0004 | 0.141+0.01 7500600
Thus, the problem of determination of gl a.u.

the absolute value of the light output of
e s . . 3
scintillators is reduced to measuring n and 6
calculating the coefficients in (2).
The samples were placed directly between ar
the X-ray tube cathode and the photore-
2F

ceiver, without additional optical contact
between the sample and photoreceiver, and
reflecting coatings of the passive surfaces
of the sample. The light output I;, value
was determined as ratio of the recorded en-
ergy flux of solar radiation to the falling
flux of the X-ray energy.

Spectral matching coefficient was deter -
mined as

ko = [ IS/ [ I)E), — ®)

where I()\) is the spectral distribution of the
scintillator emission, S(A\) is spectral sensi-
tivity of the photoreceiver.

Calculations of k;., for sample scintilla-
tors were carried out using the calculation
algorithm, which uses the Monte-Carlo
method for solution of the problem of light
collection in the scintillator volume [5]. As
initial data for calculations, we used the
geometry and size of the samples, degree of
the surface treatment, absorption coeffi-
cient of the material a, refraction coeffi-
cient; account for the boundary between the
sample and the photoreceiver was also
made. Scintillations inside the sample were
considered as surface-adjacent, as the pene-
tration depth of X-ray radiation of energy
E, =30 keV is substantially less than the
sample thickness. Therefore, k,,, was taken
as unity.

In Table 1, values of coefficients kg,
k., k,ps are presented, as well as experi-
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Fig. 1. X-ray luminescence light output I, as
function of the X-ray source anode voltage for
different scintillators of thickness 0.7 mm.

mental data on values of I;, and the abso-
lute light yield values obtained using (2).

Energy dependence of X-ray lumines-
cence light output. Low-energy sensitivity
limit has been determined for different
scintillators. Fig. 1 shows X-ray lumines-
cence light output as function of energy
corresponding to the X-ray tube voltage
from 2 to 40 kV.

Fig. 2 shows light output I, values of
crystals ZnSe(IVD), Csl(Tl) as function of
the X-ray source anode voltage for samples
of thickness 0.7 mm and 4.0 mm in the en-
ergy range corresponding to X-ray tube
voltages from 50 to 175 kV.

Analysis of dependences of the light out-
put values upon the X-ray excitation energy
(Fig. 1-2) have shown that:

a) all scintillators are characterized by a
sharp sensitivity rise (up to 7-8 orders of
magnitude) in the energy range correspond -
ing to X-ray tube voltages from 3 to 10 kV,
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Fig. 2. Light output I, of crystals ZnSe(IVD),
Csl(Tl) as function of the X-ray source anode
voltage and sample thickness d.

with subsequent monotonous increase of the
light output with increasing energy;

b) for scintillators of 0.7 mm thickness,
the light output is higher when a grinded
output window is used. The use of TAVEK
reflective coating increases I, by 80—-100 %;

c) maximum values of I, in the low-en-
ergy range (up to 70-80 keV) are observed
for ZnSe(IVD) scintillators, which is in an
agreement with the above results on the
absolute light yield;

d) upon thickness changes of Csl(Tl) scin-
tillators from 0.7 mm to 4.0 mm at small
energies of X-ray radiation (voltage on the
tube up to 100 kV), light output values re-
main unchanged. With ZnSe(IVD) scintilla-
tors, such changes are observed, which is
related to substantial absorption of intrinsic
radiation in the crystal volume. The absorp -
tion of intrinsic radiation, in combination
with low values of the effective atomic
number Zotf of ZnSe(IVD), is also the rea-
son why the light output at energies above
70 keV becomes lower than the values for
CsI(Tl) (Fig. 2).

Effect of substantial intrinsic absorption
in ZnSe(IVD) scintillators are confirmed by
the dependences of the relative light yield
upon thickness of ZnSe(IVD) scintillators at
different X-ray excitation energies (Fig. 3).

It can be seen from Fig. 3 that at ener-
gies below 70 keV the use of ZnSe(IVD)
scintillation crystals of thickness higher
than 2-3 mm is not reasonable because of
strong absorption of the intrinsic optical ra-
diation — a = 0.1-0.3 cm !, which leads to
a fall in detector sensitivity. Another pa-
rameter that is disadvantageous with
ZnSe(IVD) crystals at high energies is their
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Fig. 3. Relative light yield S as function of
ZnSe(IVD) scintillator thickness under X-ray
excitation: 1 — U =20 kV, 2 — U = 50 kV,
3 — U =100 kV.

high refractivity coefficient (n = 2.58).
This leads to substantial light losses be-
cause of low n value (1.4—1.6) of the optical
contact between the scintillator and the
photoreceiver (the optimum value would be
Nope. = 1.9), as well as because of high frac-
tion of the "captured” light inside scintilla -
tors of "regular” forms (parallelepiped, cyl-
inder, etc.).

Dependence of the light output values
upon the scintillator shape. One of the ways
to improve sensitivity of “scintillator-pho -
todiode” detectors is the use of scintillator
element shapes that ensure optimum light
collection conditions. For this purpose, cal-
culations have been carried out of the light
collection coefficient T for different scintil-
lator shapes. As a specific example, we used
ZnSe(IVD). The value of T (the fraction of
light that passed through the output win-
dow of the scintillator) was determined by
Monte-Carlo calculations. The calculation
algorithm accounted for the sample geome -
try, absorption in the scintillator material
(0 =0.1-0.2 cm™1), refraction coefficient
(n = 2.58), the light scattering indicatrix at
the crystal — reflective coating boundary,
as well as a number other parameters. Dif -
ferent shapes of ZnSe(Te) scintillators were
considered, such as polyhedrons — paral-
lelepiped, parallelepiped with a rounded rib,
as well as tetrahedral pyramid, tri- and
hexahedral prisms, hemispheres. Values of
T for scintillation elements with an output
window corresponding to the sensitive area
of a silicon photodiode (S =1 cm?) are pre-
sented in Table 2.
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Table 2. Calculated values of light collection coefficient for scintillator elements of different
shapes with output window area S = 1 cm2 (Monte-Carlo method)

Scintillator shape Light collection coefficient, T
Scintillations uniformly Scintillations confined to the
distributed over the volume surface-adjacent layer

Parallelepiped (cube) 0.144 0.145
Parallelepiped with rounding 0.339 0.371
Pyramid, 60° 0.60 0.668
Pyramid, 45° 0.49 0.51
Hemisphere 0.457 0.652
Trihedral prism (variant 1) 0.357 0.378
Hexahedral prism (variant 1) 0.202 0.221
Trihedral prism (variant 2) 0.147 0.146
Hexahedral prism (variant 2) 0.145 0.147

It can be seen from the Table that vari-
ation of the scintillator shape can lead to
noticeable (up to 3 times) in the light col-
lection coefficient value. The lowest 1 val-
ues are observed for scintillators of "cor-
rect” forms (parallelepiped, cylinder,
prisms, pyramid with a 45° vertex angle
(angular reflector)), which can be explained
by large fractions of light captured inside
the volume. In the case of a tetrahedral
pyramid with a 60° angle at the vertex and
a hemisphere, effective "mixing™ of light in
the space of angles, which favors good out -
put of light from the crystal.

In the general case, these results can be
explained by a theoretical model, according
to which light propagation inside a crystal
can be described by the mathematical bil-
liard theory [6]. According to this model,
optimization of the light output can be real -
ized by finding such a geometry for the
scintillator that would ensure a cross-over
from the regular dynamics of light propaga -
tion in the scintillator volume to non-regu -
lar stochastic mixing.

Experimental arguments in support of
this model have been found. Specifically, it
has been shown that rounding of vertexes
and ribs of ZnSe(Te) and Csl(Tl) scintillator
crystals of rectangular and cylindrical shape
(i.e., passing from the regular light propaga -
tion dynamics to the chaotic case) leads to
increases in the light output up to 20 % .

The obtained energy characteristics in
combination with other scintillation charac -
teristics of the materials studied have
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shown that, for application in detectors of
X-ray introscopes and tomographs, the most
preferable crystals are Csl(Tl), CWO u
ZnSe(IVD). Due to their high light output
values and low effective atomic number
Zotfs ZnSe(IVD) crystals are the most suit-
ab{e and promising for the low-energy sub -
system of XRIS detectors. Accounting for
the high absorption level of intrinsic radia-
tion (a = 0.1 + 0.2 ecm™1), which causes high
losses of light at higher crystal thickness,
optimum conditions and shapes have been
determined for ZnSe(IVD) crystals, ensur-
ing optimum conditions for efficient scintil -
lation transformation in the crystal.
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EnepreTnuHi XxapakTepiCTHKH CHMHTUJIATOPIB
IJIsT PEHTTeHiBChKOlI iHTPOCKOMil

B.Pusxcuxoeé, M.Cmapicuncoerui, K.Kampynos,
B.I'punvoe, B.Hexpacos, B.Cinin, B.Cnacos,
IO0.'anuu, O.Bep6uysvrui, I.3ena

YV mupokomy miamasoHi eHepriii peHTreHiBchKoro sumnpominooBanHa (U = 2 + 175 kB)
BUBUYEHO BUXiNHI XapaKTepuCTUKU (CBITJIOBUII BUXiJ, KBAaHTOBUI BUXij JIIOMiHecCIeHIIil Ta iH.)
CIUHTUIATOPiB Ha ocHOBI ZnSe, a Takox crumTmiaaropis Cs(Tl), CWO, GSO i Al,O4(Ti).
IToxkasano, 110 MaKcuUMaJbHUII KBAHTOBUII BUXiZl, a TaKoX CBiT/JOBuil Buxim B obJsacTi
enepriit £, < 80 KeB MaoOTh CHMHTHUIATOPU HA OCHOBi celeHiy MuHKY. BusHaueHo mepcrex-
TUBU IXHBOTO B3aCTOCYBAHHA Yy HUBbKOEHEPTeTHUUHHUX IIifcHCTEeMaX JeTeKTYBaHHS PEHT-
reHiBCBKOTO BUNIPOMIiHIOBAHHS y MYJbTHEHEPTeTHUYHUX iHTpOocKomax. BuBueHO reomerpuuHi
daKTOpU CHUMHTUIAIINHUX €JIeMeHTiB, 1[0 BIJIMBAIOTh HA BUXiAHI XapaKTepPUCTUKU CIITUHTU-
JATOPiB.
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