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Radiation resistance of composite scintillators containing grains of organic or inorganic single crystals has been

analysed. The analysis is based on the study of composite scintillators containing grains Gd2SiO5:Ce (GSO:Ce),

Gd2Si2O7:Ce (GPS:Ce), Al2O3:Ti, Y2SiO5:Ce (YSO:Ce) or Y3Al5O12:Ce (YAG:Ce). This paper presents the results

of research and suggests possible mechanisms as well as processes of radiation changes that occur in scintillators due

to irradiation. It also discusses how these effects can affect the scintillation characteristics of composite scintillators

exposed to radiation.

PACS: 42.88.+h, 81.05.Zx, 81.40.Wx

1. INTRODUCTION

A large number of experiments conducted on
charged-particle accelerators indicate that radiation
dose accumulated by the detectors and, in particu-
lar, by the scintillation materials contained in them a
significant. For example, in experiments at the Large
Hadron Collider (LHC), the dose of radiation for the
scintillator detectors can reach 10...100Mrad, and in
the future (according to LHC modernization plans,
see, e.g., [1]) will be even more. In this regard, it
is especially important to search for new radiation-
resistant scintillation materials.

As a definition of “radiation-resistant”, we will
use the classical one formulated by the Birks [2]. Ac-
cording to this definition, a scintillator is considered
to be radiation resistant up to a dose D, if after ir-
radiation the amplitude of the scintillation signal ob-
tained before irradiation I(0), reduces to I(D) after
irradiation so that the relative amplitude of the scin-
tillation pulses I(D)/I(0) ≥ 1/2.

Previously [3, 4, 5, 6] we investigated the com-
posite scintillators based on single crystal grains
Gd2SiO5:Ce (GSO:Ce), Gd2Si2O7:Ce (GPS:Ce),
Al2O3:Ti, Y2SiO5:Ce (YSO:Ce) and Y3Al5O12:Ce
(YAG:Ce) as a radiation-resistance materials.

A composite scintillator it is a transparent non-

scintillating gel composition, which contains single-
crystal scintillation grains. Composite scintillators
have a number of advantages in comparison with
other scintillation materials those are continuous
mediums [3, 7, 8]:

1) A composite scintillation material is cheaper
and easier in production than a single crystal. In a
number of cases, it is possible to pass a costly stage of
growth of a single crystal, or to use the waste arising
from processing of single crystals. A main loss of the
scintillation material that appears during machining
is absent, because machining is absent.

2) It is possible to create an almost infinite area.
A specially prepared gel composition can unite the
separate parts of composition scintillator in one uni-
form sample.

3) It is possible to vary both the sample size and
grains size independently.

4) Unlike classical scintillators, the basis of com-
posite scintillators should not be luminescent because
the luminescence occurs completely in grains. This
means that if we choose a non-luminescent base ma-
terial, then a change in its luminescence will not af-
fect the properties of the scintillators, since such a
luminescence is absent.

We use the polydimethylsiloxane gel-composition
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that does not contain benzene rings. It is the non-
luminescent material, and thereby a change in the
transparency of gel-composition occurring in the lu-
minescence band of the grains can only influence on
the scintillation amplitude of the composite scintilla-
tor [3, 9, 10].

2. EXPERIMENTAL DETAILS

2.1. Preparation of composite scintillators
In this work, we used the dielectric polydimethyl-

siloxane gel Sylgard-184 as the base material for com-
posite scintillators [11].

To make a composite scintillator we use the fol-
lowing approach. Initially, we grind up a single crys-
tal boule mechanically to obtain scintillation grains.
After that, we use a set of calibrated sieves to select
the necessary fraction of their sizes. The grains were
introduced in dielectric gel according to the following
technique. Firstly, we introduced them in the first
component of the gel. After adjunction of the second
component, we carefully mix the gel composition. Fi-
nally we introduce this gel composition into a forming
container, in which it left up to it complete polymer-
ization. As the result, the scintillator is obtained and
can be taken from the forming container. We investi-
gated the composite scintillators with thickness 4 mm
(the size of the grains was 0.5...2 mm). [3, 4, 5].

2.2. Irradiation of the samples
As in our earlier studies [3, 4, 5, 12, 13], we irradi-

ated the samples at the KIPT 10 MeV electron Linac
at the room temperature. The dose rate was practi-
cally uniform over the sample surfaces. Inhomogene-
ity of irradiation of the samples did not exceed 5%.
The highest dose rate, 1500±5 Mrad/h, was provided,
when the samples were irradiated directly by 9.2 MeV
beam electrons. Other samples were subjected to ir-
radiation by bremsstrahlung photons at the consider-
ably lower rate of 0.20±0.01 Mrad/h (mainly photons
of braking radiation). The samples were, consistently
(by one sample of each type), exposed to radiation
until they accumulated the necessary integrated ra-
diation dose. The dose was measured by Harwell Red
4034 plastic dosimeters to an accuracy of ±10%. The
details are outlined in [3, 4, 12, 13]. One of the sam-
ples in each series was taken as reference scintillator
and was not exposed to radiation.

2.3. Measurements of scintillation light
output

The set of gamma sources allowed us to calibrate
the energy scale of the measuring setup. We used
not irradiated composite scintillators as the reference
for corresponding composite scintillators. For all the
scintillators the relative light output was obtained as
the result of measurements of scintillation amplitude
spectra. The values of the relative light output were
obtained by irradiation with the radionuclide sources
of (i) photons of gamma radiation emitted by 137Cs,
(ii) alpha particles emitted by 239Pu, and (iii) pho-
tons emitted by 241Am. Measurements were run be-
fore and after irradiation.

2.4. Measurements of transmittance
The measurements of the luminous transmittance

T in the range from 300 to 700 nm were performed by
Shimadzu-2450 spectrophotometer with the integrat-
ing sphere. The comparison channel remained blank
and the light flux inside it was calibrated to be the
same as the light flux falling on a sample in measur-
ing channel. The inaccuracy of the calibration was
limited by 0.5%. The value of T was calculated as
follows:

T = (I/I0) · 100%, (1)

where I0 is the light flux in comparison channel, I
is the light flux, which has passed through a sample
in measuring channel. Actually, the T -value (1) is a
relative luminous transmittance, where T = 100% it
is the luminous transmittance of air.

2.5. Measurements of luminescence and ex-
citation spectra

To obtain luminescence spectra and absorption
spectra we used spectrofluorimeter Varian Cary
Eclipse. In our experiments, the range of wavelengths
is 300...700 nm.

3. RESULTS AND DISCUSSION

As was shown in previous works [3, 4, 5, 6, 13],
the value of the relative light output Lrel of compos-
ite scintillators did not decrease more than two times
after irradiation up to limiting dose when scintillators
could start to crack. The limiting doses that were
obtained for the developed composite scintillators are
presented in Table.

Comparison of radiation resistance

Dose rate, Limiting Causes of loss
Scintillator Mrad/h dose, of radiation

Mrad resistance

Organic
single
crystal 0.2 < 1 Lrel < 0.5

scintillators

SCSN-81
plastic 0.2 ∼ 10...15 Lrel < 0.5

scintillator

Composite
scintillator 0.2 ∼ 125 Mechanical

based self-
on Al2O3:Ti 1500 ∼ 550 destruction

grains

Composite
scintillator 0.2 ∼ 200 Mechanical
based on self-

GSO:Ce or 1500 ∼ 250 destruction
GPS:Ce grains

Composite
scintillator Steady
based on 1500 > 150 work is
YSO:Ce or observed

YAG:Ce grains
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In the Table also shows the radiation resistance
of known scintillators (Organic single crystal scintilla-
tors and SCSN-81 plastic scintillator). The difference
in the radiation resistance of the developed composite
scintillators with known scintillators can reach three
orders of magnitude.

According to [3, 4, 5, 6], the value of the relative
light output Lrel can fluctuate with increasing radia-
tion dose D. These fluctuations are observed against
the background of the main decrease in relative light
output Lrel values. Such fluctuations may arise be-
cause the radioluminescence of scintillators whose lu-
minescent centres are damaged by radiation cannot
be described by a monotonically decreasing function.
The irradiation of the scintillator material not only
leads to irreversible destruction of its base material,
but also gives rise to secondary processes.

Therefore, the dependencies of the relative light
output Lrel, optical transmission T , and others on
the irradiation dose include a stochastic component.
Such stochastic components can arise as result of ma-
terial activation, modification of luminescence cen-
tres, changes in the decay efficiency of impurity cen-
tres and ions, and short-term damage of luminescence
centres in grains with their further rapid recovery. Of
course, the ability of a material to restore its param-
eters after irradiation will constantly decrease as the
dose D increases.

It is possible to consider two alternative versions
of the scenario for the development of these stochastic
secondary processes.

In the first case, we have to take into account that
all the scintillation materials contain defects, impu-
rity ions, molecules, and others, which can create lev-
els in the energy diagram of the crystal and play the
role of quenching centres [6]. Ionization creates free
electrons. When an electron is captured by one of
these quenching centre, such the modify centre ceases
to be quenching centre during its lifetime. By reduc-
ing the quenching effect, the light output increases.
For this process, a characteristic feature is the invari-
ance of the luminescence spectrum, as long as the
scintillator is capable of luminescence. This is be-
cause new luminescent centres are not formed.

In the second case, the process has a different na-
ture. Let us assume that molecules, ions, etc., which
is a primary luminescent center of type A are dam-
aged during irradiation, as a result of which centres
of type B appear. If centres of type B are new addi-
tional luminescent centers with a higher light output
than the light output of centres of type A, then the
intensity of the scintillator luminescence increases af-
ter irradiation during the lifetime of type B centres.
After this, it should decrease [13]. This type of pro-
cess includes those for which irradiation is possible
both direct and reverse transitions between the main
centres and those that are formed under the action
of radiation.

Consequently, there are two possible options for
the development of processes after irradiation, which
may be responsible for the stochastic component of

the fluctuations in the luminescence intensity. In the
first case, the spectrum of luminescence of the scin-
tillator does not change its shape for different doses
D, since new luminescence centres are absent. An al-
ternative process is determined by the change in the
luminescence centres during irradiation and should
lead to a change in the spectral characteristics of the
luminescence.

In the composite scintillators presented in our pre-
vious studies [3, 4, 5, 6, 13, 14, 15] under the influence
of ionizing radiation, only one of these processes is
observed, and this process is characteristic of a par-
ticular material. For organic scintillators, changes in
their luminescence spectra are observed, and these
systems are relatively non-radiation-resistant (up to
0.5 Mrad for organic crystals [15]). At the same time,
for the inorganic scintillators, the change in the lumi-
nescence spectra can be observed (Al2O3:Ti) or not
be observed (GSO:Ce, GPS:Ce, YSO:Ce, YAG:Ce)
[3, 4, 5, 6]. Let’s consider each case separately.

In organic scintillators, the luminescence spec-
trum can be shifted, since these systems contain ben-
zene rings (they are responsible for luminescence).
Under ionizing radiation, these rings are destroyed.
The probability of their recovery is low. This pro-
cess degrades the optical properties of the matrix. At
the same time, however, a new organic molecule can
be formed, with luminescence in a different spectral
range.

The spectra of luminescence of composite scin-
tillators based on grains of Al2O3:Ti were presented
in papers [4, 6, 13]. Figures in these papers show a
change in the luminescence spectra. It is observed
in [4] that with increasing accumulated dose D in
the blue luminescence band, the luminescence inten-
sity rises sharply with subsequent saturation or even
a significant decrease. This luminescence is associ-
ated with centres containing Ti4+ ions. With increas-
ing dose, the luminescence intensity in IR intervals
(this luminescence is associated with centres contain-
ing Ti3+ ions) decreases at the beginning, and then
either slightly increases or it reduction stops.

These facts allow us to conclude that, at low
doses, the formation of centres containing Ti4+ ions
that arise upon ionization of Ti3+ is the dominant
process. Thus, the concentration of centres contain-
ing Ti4+ ions increases, and the probability of direct
exposure to these centres grows. Therefore, with in-
creasing dose D, the probability of destruction for
centres containing Ti4+ ions increases. Upon irradi-
ation, the latter process may lead to a reverse tran-
sition from Ti4+ to Ti3+.

The luminescence spectra of the composite scintil-
lators based on inorganic GSO:Ce, GPS:Ce, YSO:Ce
or YAG:Ce grains not change with the dose D in-
crease [3, 5, 6, 13, 14]. The intensity of luminescence
increases, only for the time of regeneration of the
quenching centres. As a result, after this time inter-
val, the luminescence intensity should decrease due
to the restoration of the quenching efficiency. The
energy levels of these centres are located in the for-
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bidden band of the energy spectrum of single-crystal
grains. Consequently, these centres mainly affect on
the light transmittance T . The modification of the
luminescence parameters is due to the radiation dam-
age of the grains of the scintillation material. How-
ever, self-restoration accompanies all the processes.
As a result, we get a complex variation of the prop-
erties of the scintillator.

Consequently, as noted above, the change in the
relative light output Lrel that occurs upon irradiation
to different doses D should have a stochastic compo-
nent. This component arises as a result of changes in
the quenching efficiency of impurity centres and ions,
as well as because of temporary damage to the lu-
minescence centres in grains with their further rapid
recovery. For higher doses D, the radiation resis-
tance of the material will gradually decrease on the
background of stochastic fluctuations associated with
secondary processes, until the destruction effect for
luminescence centres becomes a limiting factor.

In all composite scintillators based on inorganic
grains (Al2O3:Ti, GSO:Ce, GPS:Ce, YSO:Ce or
YAG:Ce) considered in the papers, the average Lrel

has a weak tendency to decrease with increasing dose
D. This fact indicates that when the dose of irradia-
tion increases, the amount of destroyed luminescence
centres increases, that is, it becomes more and more
important. In the end, this will result in the Lrel-
value being below 0.5.

Proceeding from the foregoing, we can conclude
that it is impossible to determine from general con-
siderations which of the mechanisms will be observed
in a particular scintillator. This question needs to be
analysed in each individual case. At the same time,
the criterion associated with a change in the lumines-
cence spectrum or its invariance with increasing dose
can be considered proven. Also, these two processes
can be observed simultaneously in one scintillation
material, but one of them will prevail.

4. CONCLUSIONS

Possible processes and their mechanisms of radia-
tive changes arising in scintillators during irradiation
were proposed and studied. The influence of these
processes on the radiation resistance was analysed.
All crystalline scintillation materials contain defects
that can play the role of luminescence or quenching
centres. Irradiation destroys and changes not only
the basis material, but also these centres. As a re-
sult, the luminescence intensity can grow for some
time. In this case, the scintillator luminescence spec-
trum does not change its form at different doses D,
since new luminescence centres are not generated. In
this case, the scintillator luminescence spectrum does
not change its shape at different doses D, since new
luminescence centres are not generated. Another pro-
cess involves the change of luminescence centres. This
should lead to a modification of the spectral charac-
teristics of the luminescence.

For organic scintillators observed change in the
form of luminescence spectra under irradiation. The

composite scintillators containing grains of inorganic
crystals change form luminescence spectra can both
an observer (Al2O3:Ti), or not (GSO:Ce, GPS:Ce,
YSO:Ce and YAG: Ce). Therefore, in order to iden-
tify possible processes causing radiation changes in
scintillators, it makes sense to conduct such spectral
studies before and after irradiation.
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ÐÀÄÈÀÖÈÎÍÍÀß ÑÒÎÉÊÎÑÒÜ ÊÎÌÏÎÇÈÖÈÎÍÍÛÕ ÑÖÈÍÒÈËËßÒÎÐÎÂ

À.Þ.Áîÿðèíöåâ, Í. Ç. Ãàëóíîâ, ß.Â. Ãåðàñèìîâ, Ò. Å. Ãîðáà÷åâà, Á.Â. Ãðèíåâ,

Í.Ë.Êàðàâàåâà, Ñ.Ó.Õàáóñåâà, À.Â.Êðå÷, Ë. Ã.Ëåâ÷óê, Å. Â.Ìàðòûíåíêî,

Â.Ô.Ïîïîâ, Î.Ö.Ñèäëåöêèé, Î.À.Òàðàñåíêî

Ïðîàíàëèçèðîâàíà ðàäèàöèîííàÿ ñòîéêîñòü êîìïîçèöèîííûõ ñöèíòèëëÿòîðîâ, ñîäåðæàùèõ ãðàíóëû
îðãàíè÷åñêèõ è íåîðãàíè÷åñêèõ ìîíîêðèñòàëëîâ. Àíàëèç îñíîâàí íà èçó÷åíèè êîìïîçèöèîííûõ ñöèí-
òèëëÿòîðîâ, ñîäåðæàùèõ ãðàíóëû Gd2SiO5:Ce (GSO:Ce), Gd2Si2O7:Ce (GPS:Ce), Al2O3:Ti, Y2SiO5:Ce
(YSO:Ce) èëè Y3Al5O12:Ce (YAG:Ce). Ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèé è ïðåäëàãàþòñÿ âîçìîæ-
íûå ìåõàíèçìû è ïðîöåññû ðàäèàöèîííûõ èçìåíåíèé, ïðîèñõîäÿùèõ â ñöèíòèëëÿòîðàõ ïîä äåéñòâèåì
èîíèçèðóþùåãî îáëó÷åíèÿ. Áûëî òàêæå ïðåäñòàâëåíî, êàê ýòè ýôôåêòû âëèÿþò íà ðàäèàöèîííóþ
ñòîéêîñòü êîìïîçèöèîííûõ ñöèíòèëëÿòîðîâ.

ÐÀÄIÀÖIÉÍÀ ÑÒIÉÊIÑÒÜ ÊÎÌÏÎÇÈÖIÉÍÈÕ ÑÖÈÍÒÈËßÒÎÐIÂ

À.Þ. Áîÿðèíöåâ, Ì. Ç. Ãàëóíîâ, ß.Â. Ãåðàñèìîâ, Ò.�. Ãîðáà÷åâà, Á.Â. Ãðèíüîâ,

Í.Ë.Êàðàâà¹âà, Ñ.Ó.Õàáóñåâà, À.Â.Êðå÷, Ë. Ã.Ëåâ÷óê, �.Â.Ìàðòèíåíêî,

Â.Ô.Ïîïîâ, Î.Ö.Ñiäëåöüêèé, Î.À.Òàðàñåíêî

Ïðîàíàëiçîâàíî ðàäiàöiéíó ñòiéêiñòü êîìïîçèöiéíèõ ñöèíòèëÿòîðiâ íà îñíîâi ãðàíóë îðãàíi÷íèõ òà
íåîðãàíi÷íèõ ìîíîêðèñòàëiâ. Àíàëiç  ðóíòó¹òüñÿ íà âèâ÷åííi êîìïîçèöiéíèõ ñöèíòèëÿòîðiâ, ùî ìiñòÿòü
ãðàíóëè Gd2SiO5:Ce (GSO:Ce), Gd2Si2O7:Ce (GPS:Ce), Al2O3:Ti, Y2SiO5:Ce (YSO:Ce) àáî Y3Al5O12:Ce
(YAG:Ce). Ïðåäñòàâëåíî ðåçóëüòàòè äîñëiäæåíü òà çàïðîïîíîâàíî ìîæëèâi ìåõàíiçìè òà ïðîöåñè ðà-
äiàöiéíèõ çìií, ùî âèíèêàþòü ó ñöèíòèëÿòîðàõ ïiä äi¹þ iîíiçóþ÷îãî îïðîìiíåííÿ. Áóëî òàêîæ ïðåä-
ñòàâëåíî, ÿê öi åôåêòè âïëèâàþòü íà ðàäiàöiéíó ñòiéêiñòü êîìïîçèöiéíèõ ñöèíòèëÿòîðiâ.
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