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Data are presented on the influence of various factors upon luminescence kinetics of
scintillator crystals based on activated ZnSe, Csl, CWO and GSO. It is shown that the
isovalent dopant type substantially affects the decay times T and afterglow level of
ZnSe-based scintillators, and the value of T, depending upon the dopant concentration, can
vary from 1 to 150 ps. It has been determined that scintillation kinetics of ZnSe(Te)
crystals has peculiar features, being characterized by a non-monotonous decrease with a
region of rising luminescence intensity at the initial stage after stopping the irradiation
of samples. Mechanism of energy transfer has been considered for this case. Decay times
of oxide scintillators (CWO, GSO) is essentially dependent both on non-stoichiometry of
their composition and on the presence of admixtures. It has been shown that the afterglow
level of Csl- and CWO-based scintillators depends both on the dose of preliminary X-ray
irradiation and on the density of defects introduced into the crystal mechanically. The role
of X-ray irradiation and finishing thermal treatment has been considered for optimization
of luminescence kinetics properties of scintillation elements.

IIpuBoaATCA MaHHBIE O BAMAHUM DPA3JUUYHBIX (DAKTOPOB HA KWHETUKY JIOMUHECIEHIIUU
KPHCTAJJIOB-CUHTUJLIATOPOB HAa OCHOBE aKTUBMPOBAHHBIX KpucrasaiaoB ZnSe, Csl, CWO u
GSO. IloxaszaHo, UTO THUII M30BAJEHTHOM IPUMECH OKA3LIBAET CYIIECTBEHHOE BJIHAHHE Ha
BpPEeMeHa BBICBEUMBAHUA T COIUHTHUJLIATOPOB HA OCHOBe ZNSE, M 9Ta BeJUUYNHA B 3aBUCUMOCTH
OT KOHIIEHTpAIlMX HIpPUMecH MOKeT cocTaBadaTh 1—-150 mirc. OmpepeseHo, YTO KHWHETHKA
BeICBeunBaHusa KpucrayioB ZnSe(Te) mmeer 0cOOEHHOCTM ¥ XapaKTEPU3YeTCsl HEMOHOTOH-
HBIM CIIQJOM C HAJWUYHEM yJaCTKa BO3PACTAHWS WHTEHCUBHOCTH JIOMUHECIEHIINN HA HAYAJb-
HOM dTalle IocJie IMpeKpalleHnda obJydeHusa o0pasioB. PaccMOTpeH MeXaHU3M SHEProIlepeHo-
ca JAaHHOTO SABJeHUA. VIHEPIMOHHOCTL OKCUAHBIX cuuHTHaaATopoB (CWO, GSO) cymecrsen-
HO B3aBHCHUT KAK OT HECTeXMOMETPUUYHOCTH COCTAaBA, TAK M HAJIUYUSA HEKOHTDPOJUDPYEMBIX
npumeceii. ITokazaHo, YTO ypOBEHb IOCIECBEUEHUA CIUHTUIIATOPOB Ha ocHoBe Csl u CWO
3aBHCHUT KaK OT J03bI MIPEeABAPUTEIbHOTO PEHTTEeHOBCKOTO OOJYYEHHUs, TaAK W OT KOHIIEHTpPAa-
nuu ne@exKToB, BBEJEHHBIX B KPUCTAJ MeXaHWYeCKUM ciocoboMm. VsyueHa posib (PDUHULIHON
TepMOOOPAaGOTKY B ONTHUMUSBAIUNYA WHEPIUOHHBIX CBOMCTB CIMHTUJLIANMOHHBIX DJIEMEHTOB.
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Among the main characteristics of scin -
tillation crystals, alongside the light out-
put, are kinetic parameters of luminescence
— the decay time T and, in particular, the

afterglow level n. Just a very small group
of scintillators, as for the whole complex of

their main parameters — light output, T
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and N — can be actually used in X-ray in-
troscopy. Even these not numerous scintilla -
tors based on Csl, CdWO4 (CWO), Gd,SiOg
(GSO) often fail to provide the required
performance in modern X-ray introscopy
systems (XS) dealing with moving objects in
the real time scale [1]. ZnSe(Te) scintillator
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Fig. 1. Block diagram of the measuring-com-
puting complex for measurement of the after-
glow level in scintillators.

is already used in XS due to its unique
properties. Rather long decay times, how -
ever, has remained its drawback [2]. Our
studies of the effects of dopants upon lumi -
nescence kinetics of scintillators were aimed
at broadening their field of applications.
We have also considered effects of mechani -
cal treatment and pre-irradiation upon time
characteristics of various types of scintilla -
tors used in XS.

Scintillator crystals used in our experi-
ments included: CslI(Tl); CWO (undoped and
doped with Bi); ZnSe, activated with isova-
lent dopants (IVD) O, Te, Cd, Hg; GSO
doped with Ce. The dopant concentration
ranged from 0.1 to 0.5 % mol. The crystals
for studies were grown by known methods
[1, 3-5]. Measurements of the light output
and the afterglow level n (%) after a speci-
fied time were carried out using a measur-
ing-calculating complex for studies of ki-
netic characteristics (MCCKC), its block dia -
gram is presented in Fig. 1. MCCKC has
been designed for measurements of after-
glow intensity and automatic procession of
the obtained data with determination of the
amplitude-time parameters. The complex in -
cluded a pulse X-ray emitter of RAPAN-
200 type (E,=100-160 keV), a
Hamamatsu S8594 photodiode, a "current
to voltage” converter (IUC), a multiplexor
(MUX), an analog-to-digit converter (ADC),
a personal computer (PC), a S1-102 oscillo-
scope and a control block for the X-ray
emitter (BCX).

Measurements of the afterglow level in
scintillator crystals were carried out accord -
ing to the amplitude-time diagram as shown
in Fig. 2.
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Fig. 2. Amplitude-time operation diagram of
MCCKC in measurements of the afterglow
level of scintillators (¢, — ¢, t5 — t; — measure-
ment time of "substitutions™ A;" and Az* 1UC,
ty —tg = Iy, t3 — t, = I(t), and ¢, — t5 is pause).

The value of n(¢) at an arbitrary moment
of time is defined as

n) = [I(t) - A5}/ Ho - AQHDLOO%, 1)

where I, is the averaged signal amplitude
from the irradiated sample over 256 ADC
countings, I(¢) is the signal of the scintilla-
tor afterglow, A*l, A*z — voltage fluctua-
tions at the output of the IUC preamplifier
before and after irradiation, respectively.
Experimental I(¢) data arrays are a function
of readings with an arbitrary scale t,,
where n =1, 2..., N, approximated by expo-
nentially decreasing function of the form

f(t) = x€7V11t + x9e7¥22t + ... (2)

+x,e¥nl; Yy >0.

Approximation parameters x;, y; are de-
termined by the least squares method, i.e.
by minimization of the functional

N
® = S - g1 3)
n=1

where g, is the experimental data.

A system of normal equations obtained
as a result of minimization appears to be
non-linear and can be solved only numeri-
cally, by iterations. As the initial func-
tional is not convex everywhere, and the
region of the global minimum is of the ra-
vine character, we used the quasi-Newton
procedure of Broyden, Fletcher, Goldfarb
and Chanot with full upper relaxation [5] as
iteration method. The use of MCCKC and
appropriate software for data processing al -
lowed determination of amplitudes and
decay time constants, which gave informa -
tion on physics of the processes determining
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Fig. 3. Luminescence decay kinetics of doped
ZnSe(Te) crystals: ZnSe(Te) (1), ZnSe(Cd) (2),
ZnSe(Hg) (3), ZnSe(Te,Zn) (4) at T = 300 K.

the afterglow mechanism, as well as on
relative values of the scintillator light out-
put and X-ray sensitivity of the detectors.

Decay times of scintillator crystals were
measured by oscilloscopic method using an
installation comprising a MIRA-2D X-ray
emitter (1, =10 ns, E, = 160 keV), the
scintillator under study, a collimator, a
light transducer, an S1-102 oscilloscope,
and a FEU-30 PMT. For studies of the ef-
fects of preliminary irradiation upon lumi -
nescence kinetics, an IRI X-ray source was
used (U, =150 kV, i, =0.1-5 mA). Me-
chanical defects were introduced into sam -
ples by their grinding or deformation up to
destruction threshold.

Depending upon the activating dopant
type, changes in X-ray luminescence kinet -
ics are observed for all the scintillators
studied. In the case of oxide scintillators
CWO, BGO, variations of the dopant com-
position (introduction of Bi, Tb) mainly af-
fect the values of n. For ZnSe-based scintil-
lator crystals, the type of the activator
dopant can substantially affect both decay
times and the afterglow level. For ZnSe(Te)
crystals, kinetics of X-ray luminescence
decay is described by a non-monotonous de -
pendence with a region of rise at the initial
time moment after ending the sample irra-
diation (Fig. 3).

Accounting for the fact that in ZnSe(Te)
concentration of the free electrons ng is,
though sufficiently high (=50017 cm™3), by
an order of magnitude lower than in ZnSe
with cationic dopants Cd and Hg, let us
consider a simple scheme of electronic tran -
sitions with one recombination level (E).
The corresponding kinetic equations will
have the following form
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dp/dt =g - C, p(N - p,), (4)

dp,/dt =Cp, p(N = pg) = C,, np,. (5)

Here g is the rate of electron-hole pair
generation under inter-zone excitation, p —
concentration of non-equilibrium free holes
on the valence zone, p, — concentration of
non-equilibrium holes localized on recombi -
nation centers, C n— capture coefficients
of holes and elec‘g)rons, respectively, on the
admixture center, T, — hole capture time
on the recombination center, 1,, — recombi-
nation time of a free electron with a free
hole, N — concentration of the capture-re-
combination centers. The luminescence in-
tensity is Iy; = C,np,, and g = (N — p ) x-

Under conditions of p, <<N inequality,
solution of system (4)—(5) gives

Pal®) = [/ (1,/ T, = DCexR(-t/T,) |

+ [(Pa)eo ~ Peo” (1,/ T, = 1)] Bexp(=t/1,), (6)

where p., (p,) are stationary (initial) con-
centrations of free and localized non-equi-
librium holes, respectively; 1, = 1/nC,, T, =
1/C_N.

1—€s seen from (6), the law of the lumines-
cence decay in the general case is not expo -
nential. Let us consider two specific cases.
For the case T,<<T,, we have p,(t) -~
exp(t/1,), i.e., X-ray luminescence kinetics
is determined by the free electron concen -
tration, and for crystals ZnSe(Cd) and
ZnSe(Hg) it will be described by a depend-
ence close to exponentional (Fig. 3, plots 2,
3), which is characteristic for "fast” centers
of radiative recombination of {Zn\Vz,Cdz,}
and {ZnVz,Hgz,} type. At T, >> T,, the first
term of the right-hand side of (6) would be
predominant, i.e., the luminescence decay
time would be determined by the concentra -
tion of recombination centers.

As in the case of ZnSe(Te) the tellurium
atoms included into radiative recombination
centers {ZnVz,Teg.} [1, 4] can play the role
of isoelectron traps [6], it can be assumed
that large values of T,, non-monotonous and
delayed character of ‘g)he X-ray luminescence
(Fig. 3, plot 1) are due to an initial partial
capture of non-equilibrium holes on Te
atoms with their subsequent transition to
Vz, and further radiative recombination
with free electrons according to the scheme
presented in Fig. 4.
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Fig. 4. Scheme of non-radiative and radiative
transitions in ZnSe(Te) crystals.

Very large values of kinetic constants T
and n for ZnSe(Te,Zn) crystals can be ex-
plained as follows. When extra Zn is intro-
duced into the initial raw charge ZnSe-—
ZnTe, this over-stoichiometric component
can, under growth conditions of tempera-
tures up to 1900 K and pressures of tens of
atmospheres, either enter the crystal lat-
tice, filling the wvacancies in the cation
sublattice sites and hindering formation of
Vz,Tege complexes, or cause generation of
vacancies in the anion sublattice Vg, (and
interstitial Se;), forming deep levels with
E, =0.3-0.45 eV in the band gap [7] serv-
ing as charge carrier traps.

Various kinds of mechanical treatment
(grinding, deformation, etc.) or other fac-
tors similar in their consequences for the
crystal lattice (thermal or radiation shock,
etc.) can also change the X-ray lumines-

n, %

3

0

Fig. 5. Changes in the afterglow level n after
20 ms in scintillator crystals at different doses
of preliminary X-ray irradiation: CsI(TI)-M (1),
CWO(BI) (2), CslI(TI) (3), CWO (4).

cence kinetics. Experiments have shown
that, to smaller or larger degree, for all
crystals studied the afterglow level n is in-
creased proportionally to the depth of the
affected surface layer or to the plastic de-
formation value. These factors are the most
important with CWO- and Csl-based scintil-
lators. With Csl(Tl) crystals, it is possible
to nearly double the n value by plastic de-
formation, which is shown in Fig. 3, plots
1, 3 (see n values at D = 0; notation CsI(Tl)-
M corresponds to a sample after mechanical
treatment). The presence of such effects
can be explained by a mechanostimulated
increase in concentration of point and ex-
tended defects that affect the energy level
structure in the band gap and play the role
of traps for charge carriers causing secon -
dary processes of capture-release-radiative

Table. Kinetic characteristics of luminescence in scintillator crystals based on ZnSe, Csl, CWO

and GSO
Crystal T, Us N, % (after ms)

10 20
ZnSe(Te) 50-120 2.009 0.073 0.027

ZnSe(Te,Zn) >200 31 27
ZnSe(Cd) 2-8 0.018 0.012 0.011
ZnSe(Hg) 3-10 0.064 0.035 0.021
CwWo 10-15 0.014 0.011
CWO(BI) 10-20 0.076 0.037
CsI(TI) 0.4 3.983 2.511 1.259
Csl(Na) 0.4 2.73 2.16
GSO(Ce) 0.03 0.032 0.020 0.019
GSO(Ce,Tb) 0.05 0.55 0.14
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recombination and, as a consequence, in-
creased afterglow values.

It is known that kinetic characteristics
of scintillators can be improved not only by
the correct choice of dopants, but also by
applying thermal or radiation annealing in
optimized conditions. Thus, for scintillator
crystals on the basis of zinc selenide, an
effective way is annealing in Zn vapor [1,
4]. The afterglow level n of CWO and GSO
crystals after annealing in an oxygen-con -
taining atmosphere at T = 0.7T,, falls by
nearly two times (it should be noted, how-
ever, that similar thermal treatment of
CWO(BIi) and CsI(Tl) crystals leads to a no-
ticeable — by 30-100 % — increase in n.
Small doses of X-ray radiation
(D <100 rad) at E, <100 kV lead to in-
creases in time characteristics of nearly all
scintillator crystals under study, which is
especially characteristic for oxide and al-
kali-halide scintillators (Fig. 5). Similar ef -
fects after radiation annealing of the de-
fects are observed in ZnSe(Te) and
ZnSe(Te,0) crystals, when low-energy neu-
trons are used [8]. It is natural that at high
D values and high energies of the exciting
radiation, when the defect formation and
accumulation processes are predominant,
worsening of time characteristics is more
probable, as well as a decrease in light out-
put.

Thus, the luminescence kinetics (parame -
ter n) of zinc selenide-based scintillators
can be controlled within 1-2 orders of mag -
nitude by introduction of wvarious cation
(Cd, Hg) or anion (O, Te) dopants. The af-
terglow level and radiation stability of
oxide scintillators of wundoped crystals
(CWO, GSO) is essentially dependent upon
the dopant composition and the post-
growth annealing conditions. In fabrication
of scintillation elements on the basis of al-
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kali-halide crystals, one should account for
noticeable effects of mechanically intro-
duced structural defects upon the decay
time, which can be avoided by a finishing
thermal treatment of the scintillator crys-
tals. When alkali halide crystals and oxide
scintillators are used in X-ray introscopy
systems, changes in the parameter n at the
initial stage of irradiation should be taken
into account.
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Academy of Sciences of Ukraine.
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IIpo KiHeTHMKY JIIOMiHECHeHI[il CHMHTHIATOPIB,
0 BHKOPHCTOBYIOTHCH Y PEHTT€HOIHTPOCKOIMIYHUX
cHUCTeMax

B.Puxcuxoe, M.Cmapxicuncoruii, B.Ceminoanenxo, B.I'punvos,
J.Hazopna, B.Cnacos, K.Kampynoe, I1.3ena, O.Bazin

HaBogsaTeea mami mpo BOIMB pisHUX (aKTOpiB Ha KiHETMKY JIIOMiHecIleHIiI KpucTasiB-
CIMHTAJIATOPIB HAa oCcHOBI akTuBoBaHUX Kpucranais ZnSe, Csl, CWO ra GSO. Ilokaszano, 110
TUN i30BAJI€HTHOI AOMIIIIKYM BIJIMBAE HA YaC BUCBITJIIeHHA i cuuHTHUIATOPiB Ha ocHOBi ZnSe,
i ma BeawuwmHA y 3aJIe’KHOCTI BiJ KOHIeHTpamili momimkm MoxKe cKJaagatu 1-150 mkc.
Busuaueno, 1o KiHetuka BucBiTieHHa kKpucraniB ZnSe(Te) mae ocobnmBocTi i xapakTepu-
3yEThCA HEMOHOTOHHUM CIIaJOM 3 HAABHICTIO JiJISHKU 3POCTAaHHSA iHTEHCHBHOCTI JIIOMiHe-
creHIIil Ha HOYATKOBOMY eTami Iicias NPUINHEHHA ONPOMiHIOBaHHS 3paskiB. Posraamyrto
MeXaHi3M €eHeprolepeHoCcy IHOro ABMINA. lHepiiiHicTs oKcuauux cuuHTHIAATOpiB (CWO,
GSO) cyTTeBO 3aM€XKNUTh AK BiJf HECTEXiOMETPMYHOCTI CIOAYKHM, TaK i BiJf HEKOHTPOJILOBAHUX
momimok. ITokasaHno, mo piBeHp miciasceiTimas cruuaTHAATOPiB Ha ocHoBi Csl i CWO zaue-
KUTh AK BiJ 03U IIOIEpPeqHBOTO PEHTTEHIBCHKOTO ONPOMiHEHHS, TakK i BiJ KoHIEHTparii
IedeKTiB, IIT0 BBeJEHI y KPUCTAJ MeXaHiuHUM crmocoboM. BuBueHo posb diminraoi TEpMO06-
pobOKu B omTuMisalii iHepHifHMX BJIACTUBOCTEH CIUHTUIAIINHUX €JIeMEHTiB.
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