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The luminescence and scintillation characteristics of polycrystalline and composite
materials based on stilbene, anthracene and the p-terphenyl doped with 1,4-diphenyl-1,3-
butadiene are studied. A comparative analysis of the influence of deep traps on the
radioluminescence spectral composition and yield is performed. Quenching of radiolumi-
nescence is caused by the presence of deep traps, which leads to a shortening of the
radioluminescence pulse decay time and to decrease of the light output. The revealed
regularities under radiative excitation are compared with similar results obtained under
excitation by photons of light in the visible region.

HccnemoBaupl JIOMUHECHEHTHBIE M CHMHTHJIAIMOHHBIE XAPAKTEPUCTUKU MOJUKPUCTAJ-
JMYECKUX M KOMIIOSHIIMOHHBIX MATEPHUAJOB HA OCHOBE CTHUJILOEHA, aHTpaleHa u n-repdeHuIa,
agTuBupoBanHoro 1,4-gudennin-1,3-0yraguenom. IIpoBeneH CpaBHUTENbHBIM AHANNS BJINA-
HUA [IyOOKMX JIOBYIIEK HA CIEKTPAJbHBLIM COCTAB M BBIXOJ PaAUOJIOMUHecCHeHIuu. Tyiie-
HUE PagUONIOMUHECHEHIMN OOYCJIOBIEHO HAJUUYMEM INIyOOKMUX JIOBYIIEK, YTO HPUBOIUT K
COKpAIeHnI0 (PPOHTA SaTYXaHUA HMIYJbCA PAJHUOJIOMHHECLEHINN U IIaJeHUI0 BeIUYMHbI
CBETOBOI'0 BBLIXO/A. BBIABJEHHbIC 3aKOHOMEPHOCTH MPH PASUAIMOHHOM BO3OYIMKICHUU CPaB-
HUBAIOTCA C AHAJOIMYHBIMU Pe3yJbTATAMM, IIOJYYEHHBLIMU IIPHU BO3OY:KAeHMH (OTOHAMU
cBe€Ta B BUIAWMON O0JIACTH.

Coenndika pagiomominecumeHnmil MOJIKPUCTATIYHUX i KOMOOZHIiHHHX MaTepiagdis Ha
OCHOBi TpaHyJ opraHiuHuUX MOHOKpucTaxiB. T.€.I'op6auosa.

Hocaimxeno JOMiHeCHeHTHI Ta CIUHTUJAAIINHI XapaKTepUCTUKM NOJIKPUCTANIUHUX i
KOMIOBUIIHHUX MaTepianiB Ha ocHOBI cTuiIbOeHy, aHTpaneHy i n-tepdeHiny, aKTUBOBAHOTO
1,4-audenin-1,3-6yragienom. IIpoBeseHO MOPIBHAMLHUIT aHai3 BIJIWBY TJIUOOKUX JIOBYIITOK
Ha CHeKTpalbHUH cKJaad i Buxix pamiomomimectenrii. 'acinna pagionaromineciieHirii o6yMos-
JIEHO HAABHICTIO TIMOOKUX JOBYIIOK, IO TPU3BOAUTEL MO0 CKOpPOUeHHS (GpoHTY cmaxgy immy-
JABCY pagionioMiHecIeHIlii i MAaXiHHIO BEJIUYMHU CBIiTJIOBOTO BUXOAY. BuABIeH] 3aKOoHOMIp-
HOCTi Tpw paniamnifinomy 30yaKeHHI TOPIBHIOIOTHLCA 3 AHAJOTIYHUMU Pe3yJAbTAaTAMU, OTPUMA-
HUMU Tpu 30ymKeHHI QoToHaMM cBiT/Ma y BUAMMIH obmacTi.

1. Introduction short-range particles (o- and p-radiation).
One of the ways to improve the detection
efficiency of short radiation is to increase

effective atomic number, have an advantage the area of the sensing element of the re-
over inorganic systems at registration of cording setup. However, the most effective
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organic scintillators — organic single ecrys-
tals, cannot be obtained in large diameter
while maintaining high scintillation charac-
teristics [1]. Detectors with large areas can be
made on the base of composite materials [2],
and by sintering (cold and hot pressing) [3].
In each of named types of organic scintilla-
tors shallow, medium depth and deep traps
may occur [4, 5]. Traps are most often cen-
ters of structural origin. If we consider the
structural traps, shallow and medium depth
traps are usually defined by imperfection of
molecular packing in the grains and deep
traps occurring at grain boundaries can be
interpreted as accumulation of dislocations.
They typically occur at the boundaries of
the unit structures of the single crystal.
Dynamic traps when the charge carrier is
localized at some of the molecules are also
possible. Charge carrier creates polarization
environment and self-trapes in this mole-
cule. Dynamic traps are the most shallow
traps for charge carriers. In consequences
to polarization interactions trap depth for
charge carrier increases on the order of
0.1 eV. Dynamic traps do not occur under
optical excitation [4]. The presence of deep
traps should lead to suppression of radio
luminescence, which leads to shortening of
decay front and to decrease of scintillation
signal intensity.

This work is devoted to a comparative
study of the influence of deep traps on the
spectral composition and radioluminescence
yield of polycrystalline and composite or-
ganic scintillators [1, 3].

2. Preparation of polycrystalline
and composite scintillators

For this study polycrystalline (PC) and
composite samples (CS) based on stilbene,
p-terphenyl doped with 1,4-diphenyl-1,3-bu-
tadiene (TF), and anthracene were manufac-
tured. Granules with a grain size of 2.2—
2.5 mm were used to produce the samples
[6]. TF and stilbene granules were made by
crushing the corresponding single crystal
ingot under the layer of liquid nitrogen.
Anthracene granules were made from puri-
fied by zone melting primary anthracene
ingot [7].

Prepared stilbene, activated TF and an-
thracene samples had diameter of 30 mm
and thickness of 5.0 mm. Samples were
pressed under a pressure of uniaxial com-
pression of 30 MPa and temperature of
120°C for stilbene, 165°C for TF sample and
140°C for anthracene. Exposure time at this
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Fig. 1. Radioluminescence (1) and photolumi-
nescence (2) spectra based on stilbene.

pressure and temperature was 60 minutes.
After this time, the pressure was reduced to
atmospheric in 10 minutes and temperature
was lowered to RT in 120 minutes. In addi-
tion, single- and multilayer composite scin-
tillators were prepared. Composite scintilla-
tors were prepared by introducing scintilla-
tion granules into dielectric gel. Dielectric
gel composition Silgard 527 was used as a
basis [2, 6]. The containers were made of
plexiglass. The inner diameter of the con-
tainer was 80 mm and the thickness of base
was 2 mm. The thickness of multilayer scin-
tillator was 5.0 mm and of single-layer
scintillators about 1.5-2.0 mm.

Radioluminescence spectra of scintilla-
tors were recorded using KSVU 23 spectrome-
ter. Luminescence was excited by X-ray gen-
erator REYSI operated at voltage of 40 kV
and current of 30 mA [8].

Relative light yield of samples was calcu-
lated by comparing the amplitude spectra
with the standard. Spectra were recorded
using the following sources: 137Cs (conver-
sion electrons of 0.624 MeV energy) and
239py (o — particles of 5.15 MeV energy).
As a photo receiver we used photomultiplier
Hamamatsu R-1307, as a reference scintilla-
tor — a single crystal of anthracene
@30x5 mm?2 and the single crystal of p-ter-
phenyl doped with 1,4-diphenyl-1,3-butadi-
ene @30x5 mm?.

Optical transmittance of samples was
measured by a spectrophotometer "Hitachi-
330" with an integrating sphere [9].

3. Results and discussion

Fig. 1 shows radioluminescence (curve 1)
and photoluminescence (curve 2) spectra of
scintillators based on stilbene.
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a) Radioluminescence spectra of single crystal scintillator based on stilbene in the energy

scale and the results of approximation by sum of Gaussian curves; b) Radioluminescence spectra in
the energy scale (1) and the result of their approximation by sum of Gaussian curves (2—6) of the
polycrystalline sample based on stilbene with grain size of 2.2-2.5 mm.

Table 1. Energy levels of trap centers in monocrystalline, polycrystalline and composite scintilla-

tors based on stilbene

Sample E,, eV E,;, eV E,, eV Eg, eV E,, eV
Single crystal 3.2 3.05
(0.4)*
Polycrystalline detector 3.2 3.06 2.96 2.88 2.81
(0.6) 0.22) (0.18) 0.1)
Single-layer composite detector 3.2 3.05 2.96
(0.3) (0.16)
Multi-layer composite detector 3.2 3.07 2.97 2.81 2.65
(0.6) 0.21) 0.17) (0.09)

* In Table 1 for given energy levels in the samples the relative intensity of the peaks (I;) is shown in
parenthesis. Intensity of the peak at energy E is taken as unity.

Dynamic traps do not appear under opti-
cal excitation, as there is no polarization in
the absence of uncompensated charge car-
rier. Therefore, their influence can be seen
only on radioluminescence spectrum.

Figure 2 shows radioluminescence spec-
tra of single crystal (Fig. 2a) and polycrys-
talline (Fig. 2b) stilbene scintillators.
Analysis of radioluminescence spectra of
single-crystal (SC), polycrystalline (PC), sin-
gle-layer (SCD) and multi-layer (MCD) compos-
ite scintillators showed the presence of charac-
teristic bands with maxima at Ay = 385 nm, as
well as additional peaks at A; = 405, A, = 415,

A3 = 425, which corresponds to energies

Ey=38.2, E; =38.06, E; = 2.95, E5 = 2.89,
E, = 2.79 (Table 1). The difference between
energies E, and E;, E; and E,y, E; and Ej,
Ey and E, is equal to E;g = 0.13, E55 = 0.18,
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Egy=10.28 eV, E ) =0.42 eV, respectively.
For anthracene: Ay = 446 nm, as well as addi-
tional peaks at A; = 473, Ay = 498, A3 = 533,
A4 = 575 nm which corresponds to the energies
Ey=2.77, E;=2.62, E;,=2.49, E5=2.82,
E, = 2.15 eV. The difference between ener-
gies E, and E,, E; and E,, E; and Eg, E
and E, is equal to E;5=0.15, E55 = 0.28,
Egy=0.45, E, (= 0.62 eV, respectively.
For TF Ay = 380 (low intensity), A; =395
and Ay = 420 nm, as well as additional peaks at
Ag = 440, L4 = 470, A5 = 505 nm. In the energy
scale we get Ej=38.23 eV, E; =3.12 eV,
Ey, =297 eV, E3=2.79 eV, E, = 2.64 €V,
E5 =2.47 eV. The difference between E
and Eq, Ey and E,, E; and E3, Ey and E,
Ey and Eg is equal to E;5=0.15, Eyj =
0.29, E3,=0.44, E; =0.59, E4 =
0.82 eV, respectively. E, corresponds to the
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Table 2. Energy levels of trap centers in monocrystalline, polycrystalline and composite scintilla-

tors based on anthracene

Sample E,, eV E,, eV E,, eV Eg, eV E, eV
Single crystal 2.77 2.62
(0.25)"
Polycrystalline scintillator 2.77 2.62 2.49 2.32 2.15
(0.38) (0.2) (0.1) (0.05)
Single-layer composite scintillator 2.63 2.48
(0.24) (0.06)
Multilayer composite scintillator 2.77 2.62 2.49
(0.36) (0.05)

* In Table 2 for given energy levels in the samples the relative intensity of the peaks (I;) is shown
in parenthesis. Intensity of the peak at energy E is taken as unity.

Table 3. Energy levels of trap centers in monocrystalline, polycrystalline, and composite scintil-
lators based on p-terphenyl doped with 1.4-diphenyl-1,3-butadiene

Sample E,, eV E,, eV E,y, eV Eg, eV E,, eV Eg, eV

Single crystal 3.23 3.12 2.97 2.79 2.64 2.47

(33)* (29) (12.7) 4.7) (1.3)

Polycrystalline detector 3.26 3.11 2.97 2.82 2.67 2.44

(16.7) (24.2) (9.7) (4.8) (1.16)

Single-layer composite detector 3.25 3.12 2.96 2.8 2.64 2.44
(50) (36.5) (17.5) (6.5) 2)

Multilayer composite scintillator 3.2 3.12 2.97 2.81 2.65 2.44
(20) (18.2) (9.6) (5.4) (@8]

* In Table 3 for given energy levels in the samples the relative intensity of the peaks (I;) is shown
in parenthesis. Intensity of the peak at energy E, is taken as unity.

maximum of 1,4-diphenyl-1,3-butadiene
emission. The luminescence of p-terphenyl
in doped TF crystal is quenched by transfer
to 1,4-diphenyl-1,3-butadiene. The concen-
tration of 1,4-diphenyl-1,3-butadiene in the
crystal is 1072 % [10]. Therefore, as the
main peak, we took E.

Tables 1, 2 and 3 shows respectively the
energy levels of trap centers of monocrys-
talline, polycrystalline, and composite scin-
tillators based on stilbene, TF, anthracene
giving in brackets the relative intensity of
the corresponding peak. The intensity of the
peak at energy E, was taken as unity.
Therefore, intensity of the other peaks of
stilbene and anthracene were less than
unity, and of single crystal doped TF
greater than unity. All samples have the
trap centers with close energies associated
with grain boundaries (AEy).Values of
these trap centers contributions indicates
that the traps with the same depths, that
occur in the SC, PC, CD, have different
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contributions, i.e. the probability of their
occurrence is different. AEg,, AE,,, AEj
can be attributed as deep traps. In HPD and
MCD relative contribution of deep traps is
more than in single crystals. This is because
the introduced granules are oriented ran-
domly. Combination of granules with slight
offset of their borders will be more likely
than in the case of grown SC.

Let us assume that the peaks that make
the asymmetry in the low-energy part of the
spectrum (Fig. 2) are due to the presence of
traps of structural origin. In this case, the
direct excitation of the respective fluores-
cent centers should also lead to lumines-
cence. To test this assumption, the excita-
tion spectra for samples based on stilbene,
TF and anthracene were recorded. Under ir-
radiation with wavelengths 385, 405 and
425 nm of the samples based on stilbene
luminescence maxima were at A; = 390 nm,

Ag =410 nm, Az =430 nm. Under irradia-
tion with wavelengths 445, 470, 495, 530
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Table 4. Decay time of monocrystalline, polycrystalline, single- and multi-layer composite scin-
tillators based on stilbene obtained by excitation with light of following wavelengths: A; = 385 nm

(I), Ay = 401 nm (II), Ay = 425 nm (III), A, = 445 nm (IV)

Sample on the base of stilbene Decay time, ns
I II 111 v
Single crystal 3.44 3.73 0.26 -
Polycrystalline scintillator 3.04 3.21 4.47 4.81
Single-layer composite scintillator 3.42 3.63 0.94 -
Multilayer composite scintillator 3.03 3.24 4.6 4.73

Table 5. Decay time of monocrystalline, polycrystalline,

single- and multi-layer composite scintil-

lators based on p-terphenyl doped with 1.4-diphenyl-1.3-butadiene recorded under excitation at
the following wavelengths: A; = 880nm (I), A, = 395 nm (II), A3 = 420 nm (III), A, = 440 nm (IV),

Ay =470 nm (V), Ag = 505 nm (VI)

Sample on the base of TF Decay time, ns
I II IT1 v v
Single crystal 3.53 3.84 4.2 4.63 4.88
Polycrystalline scintillator 3.53 3.65 4.2 4.81 5.6
Single-layer composite scintillator 3.42 3.63 3.94 4.42 5.01
Multilayer composite scintillator 3.3 3.44 3.7 4.23 5.01

Table 6. Decay time of monocrystalline, polycrystalline, single- and multi-layer composite detec-
tors based on anthracene recorded under excitation at the following wavelengths: A; = 445 nm
(I), Ay = 470 nm (II), A3 = 495 nm (III), A, = 530 nm (IV), A, = 575 nm (V)

Sample on the base of anthracene Decay time, ns
I 11 II1 v A%
Single crystal 29.97 28.5 27.76 27.94 27.94
Polycrystalline scintillator 25.78 25.3 27.05 36.34 36.34
Single-layer composite scintillator 27.89 27.6 28.84 22.5 22.5
Multilayer composite scintillator 23.45 21.98 23.68 32.65 32.65
and 575 nm of the samples based on anthra- B-particles (Fig. 8b). Axis of ordinates

cene luminescence maxima were at A; =
450 nm, Ay =475 nm, Az =500 nm, Ay =
535 nm, A5 = 580 nm, respectively. Under
irradiation with wavelengths of 380, 395,
420, 440, 470, 505 nm of the samples based
on the TF luminescence maxima were at
Ao = 3885 nm, A; =400 nm, Ay =425 nm,
Az = 445 nm; A4 = 475 nm, Az = 510 nm.
With the same excitation wavelengths,
decay kinetics was recorded for monocrys-
talline, polycrystalline, single-layer and
multi-layer scintillators. The results are
shown in Table 4, 5, 6.

Figure 3 shows the results of a study of the
scintillation characteristics of scintillators
based on stilbene, TF and anthracene obtained
by irradiation with o-particles (Fig. 3a) and
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shows the relative light output and on the
abscissa numbers 1, 2, 3, 4 — respectively
denote the results obtained for SC, SCD, MKD
scintillators and PC. This arrangement was
chosen because the contribution of deep traps
(see Table 1, 2, 3) increases when moving
SC — SCD — MCD — PC. Thus, the scintilla-
tion output of samples decreases with increas-
ing contribution of trap centers I; (Tables 1,
2, 3), i.e. with an increase in probability of
occurrence of deep structural traps. These
data are also consistent with the hypothesis
that the increase in the number of deep traps
is accompanied by an increase in the prob-
ability of outflow on them of charged states
with subsequent localization for long time.

Indeed, the time of localization 1, on the
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Fig. 3. Results of the study of the scintillation properties of scintillators based on stilbene (asterisk),

TF (squares) and anthracene (circles), obtained by irradiation with o—particles (a) and B-particles (b)

trap with depth E; can be estimated as [4]:

B
TV BT

where v is frequency factor. For the systems
with temperatures above the Debye tempera-
ture (Tp~140 K) it 1is equal to
v = 2.9-1012 571 [4]. For anthracene we get
T3 = 1.1.10 % s and Ty = 0.7.1072 s, and for
TF rt1,53= 7.710°6 g, Ty = 2.5:108 s and
T,5 = 17.16 s, for stilbene 7., = 3.58-10°6 s.

Outflow of charged states to the deep
traps reduces the number of excited mole-
cules formed by recombination of the charge
states for a time comparable with the dura-
tion of the formation of the fast component
of the scintillation pulse. Such a loss in the
number of formed excited molecules should
lead to a reduction in light output, which is
confirmed experimentally (Fig. 3).

It is informative to compare the kinetics
of radioluminescence of monocrystalline,
polycrystalline and composite scintillators. A
typical example of this dependency is shown
in Fig. 4: rise time of the polyerystalline sam-
ple is longer relatively to one of a single-crys-
tal sample, and the decay time of scintillation
pulse of polycrystalline sample is shorter
than the one of the single crystal. A similar
situation has been analyzed in details in [3].
As shown in this work the increase in rise
time may occur due to the localization of
charge carriers on small traps if the duration
of such localization is shorter than the scin-
tillation flash. Therefore, this effect is
mainly observed in the localization of charge
carriers on dynamic traps. Decreasing in the
fall time may occur due to the outflow of
carriers to deep traps of structural origin. If
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tained by irradiating with B-particles from ra-
dionuclide source %Y + Gy of single crystal
(1) and polycrystalline (2) scintillators based on
doped p-terphenyl; N-number of pulses.

localization time of charge carrier on the
trap is longer than decay time of the fast
component of the scintillation flash, the ef-
fect of the outflow of charge carriers will
reduce the number of recombination during
the formation of the fast component of the
scintillation pulse. This in turn will cause a
decrease in the number of excited molecules
and, consequently, the number of scintilla-
tion photons that contribute to the scintilla-
tion pulse. Comparison of luminescence
decay times for samples based on stilbene,
anthracene and TF are shown in Table 4, 5,
6. For stilbene, anthracene and TF time val-
ues Ty, T4, Ts are higher than the corre-
sponding value of the decay time constant.

Terms of light passage through the scin-
tillator can be characterized by the value of
its transmission [9]. The averaged transmis-
sion was obtained by averaging optical
transmittance measured at five different
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Fig. 5. Transmission values of samples based
on anthracene: I — single-crystal, 2 — poly-
crystalline, 3 — single-layer and 4 — multi-
layer composite scintillators.

points of the sample surface. Transmittance
is given in percentage relatively to the air.

Average values of the optical transmission
of samples based on anthracene are shown in
Fig. 5. Considered dependences indicate that
transparency decreases in the following order
SC — SCD —» MCD — PC. All graphs shows a
decrease of anthracene transparency in the
anthracene absorption band. Such depend-
ences is observed in stilbene and TF with the
only difference that in TF transparency de-
crease in the absorption band of TF and 1,4-
diphenyl-1,3-butadiene. Results of investiga-
tion of optical transmittance (Fig. 5) indi-
cates that the optical transmission increases
with decrease in the number of scattering
boundaries. These data correlate with the
given above measurements of the light output
of samples (5 mm thick) obtained by irradia-
tion with short-range particles (Fig. 3).

In particular, this result points to the effect
of the optical transmission in the visible region
of the spectrum on the light output of samples
excited by short-range radiation. Thus, light
scattering additionally contributes to the de-
crease in the intensity of radioluminescence of
composite and polycrystalline samples. For
polycrystalline and SCD influence of transpar-
ency on the value of the scintillation flash is
more significant under the excitation with
o-particles than when excited by p-particles.
This is because the range of o-particles is less than
30 um while one of conversion electrons is 2 mm.

4. Conclusions

Completed study show that the presence
of imperfections in the structure of scintil-
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lators leads to the following features of the
formation of scintillation signal: charge car-
rier traps both small and deep reveal them-
selves under ionizing excitation and in-
crease in their number leads to a decrease
in the light output. Under optical excitation
dynamic traps are not appear as there is no
polarization in the absence of uncompen-
sated charge carrier. Short-term localization
of charge carriers on the dynamic traps
leads to increase in the rise time of scintil-
lation pulse.Outflow of carriers to deep
traps leads to quenching effect of radio lumi-
nescence if the capture of charge carriers in
these traps significantly higher than the
decay time of the scintillation pulse. In this
case, the quenching of the radioluminescence,
expressed in shortening of decay time of the
flash and in decrease in the intensity of the
scintillation signal takes place. Light scatter-
ing additionally contributes to the decrease in
the intensity of radioluminescence of compos-
ite and polycrystalline samples.
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