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Abstract—Our experiments with nanocrystalline scintillating
rare earth oxides and rare earth fluorides have shown that in some
cases nanoscopic dimensions provide essential improvement of the
most important scintillation parameters: light yield, kinetics of
scintillations, radiation hardness, etc. We found that in the range
from 20 to 100-nm of the oxide and fluoride particles there are
3 types of layered structures: with expanded exterior layer, with
changed phase structure, and with changed chemical composi-
tion. These layered structures can strongly influence scintillation
parameters: cause an increase or decrease in the light yield, vary
scintillation kinetics, modify radiation hardness, etc. Control of
dimensions and structures of nanoscintillators can be used for
significant modifications of parameters of radiation detectors
(radical acceleration of kinetics, enhancement of light yield, in-
crease in radiation hardness, etc.). Radiation detectors based on
nanoscintillators have promising prospects for applications in new
generations of devices for medical diagnostics, security inspection,
radiation monitoring of nuclear reactors.

Index Terms—Annealing, luminescence, lutetium compounds,
medical imaging, radiation effects, radiation monitoring of nu-
clear reactors, scintillation detectors, security control.

1. INTRODUCTION

HE search for new effective scintillators with high den-
T sity, better effectiveness of the ionizing radiation energy
conversion to the emitted light, faster kinetics of scintillations
and high radiation hardness has been progressed for more than
50 years. The need for new scintillators with essentially im-
proved technical parameters is determined by expanding appli-
cations of ionizing radiation scintillation detectors in medical
diagnostics devices, antiterrorist inspection systems, control of
nuclear power plants, etc. However, in spite of a great number
of highly qualified laboratories all over the world involved in
this problem, the progress is rather slow. For example, since
the mid 20-th century the energy conversion coefficient has im-
proved by only about factor of 1.5 (from 15% in sodium iodide
to about 23% in lanthanum bromide and lutetium iodide). These
parameters were achieved using bulk single crystals. It was tra-
ditionally accepted that to achieve better properties one should
prepare bigger crystals with better atomic structure and higher
chemical purity doped with effective activators of light emis-
sion. However, during the last decade it has become doubtful
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whether the only way to achieve better scintillation properties
is in use of the high quality single crystals, because develop-
ment of nanoscopic light emitters progresses fast. E.g., mani-
fold increase in light emission efficiency of the semiconductor
nanostructures (in comparison with bulk crystals) has been con-
firmed by a wide spectrum of experiments (see, for example,
[1]). The effectiveness of conversion of the energy injected to
these structures to the light emission varies from 50% to 80%
for various nanosystems. These high conversion coefficients are
usually attributed to two mechanisms:a) quantum confinement
of electron and phonon states by nanoscopic dimensions of the
emitters, which brings to increasing probability of radiative re-
combination of electron—hole pairs and, on the contrary, to
decreasing probability of their non-radiative recombination ;b)
arrangement of nanoresonators for virtual photons, increasing
their density and thus resulting in enhancement of the proba-
bility of spontaneous light emission.These considerations about
enhancement of the light emission can be applied to scintilla-
tors, because the light emission processes in semiconductors
and scintillators are similar, the main difference between them
is in the energy pumping methods (electrical or optical pumping
in semiconductors and ionizing radiation pumping in scintilla-
tors). The ideas of quantum confinement of electron and phonon
states, as well as the idea of nanoresonators, which increase den-
sity of virtual photons, can be applied directly to nanoscintil-
lators by analogy with semiconductors.The argumentation pre-
sented above induced our search for new ways of essential im-
provement of the scintillation parameters in the direction of
development of the nanocrystalline scintillators. The first re-
sults obtained in the experiments with complex oxide scintil-
lators turned out to be rather encouraging. E.g., the dependence
of light emission intensity on nanograin sizes in yttrium-alu-
minum garnet with europium activator demonstrated a distinct
maximum for about 90-nm diameters and this maximum is by
about 4 times higher than effectiveness of the single crystals
with the same chemical compositions [2]. In the same paper
we described significant improvement of scintillation kinetics in
lutetium and gadolinium borates synthesized in our Institute and
measured by Prof. S. Derenzo with colleagues from Lawrence
Berkeley National Laboratory (USA, California).The most im-
pressive result is manifold decrease in the scintillation rise time
(it became less than 0.1 ns). Both experimental results were ob-
tained for nanograins with mean sizes of 70—100 nm. They are
much greater than typical dimensions for quantum confinement
(usually effects of quantum confinement are observed for less
than 10-nm dimensions). But on the other hand, the so called
“weak confinement” regime is known [3], when radius of a
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nanoparticle is several times greater than the Bohr exciton ra-
dius, nevertheless significant enhancement of the exciton oscil-
lator strength can appear due to “Rashba effect” [4]. In this case
the electron excitation polarizes the material of the nanoparticle,
where it is confined. This polarization raises additional electric
field, which increases the field of electromagnetic wave. The
increase in the effective field results in enhancement of oscil-
lator strengths of optical transitions and corresponding rise of
light emission.Additional experimental results and considera-
tions presented below show that the nanocrystalline scintilla-
tors have complicated layered structures. Anomalies of struc-
tural behavior of the nanocrystalline scintillators induce modi-
fications in the conception of their scintillation performance and
open new opportunities for significant improvement of exploita-
tion characteristics of the radiation detectors including their sen-
sitivity, spatial and temporal resolutions, radiation hardness.

II. EXPERIMENTAL PROCEDURES

In our experiments we used nanocrystalline oxides (either
simple or complex like lutetium borate-LuBO3) of rare earth
metals as well as nanocrystalline lutetium and lanthanum flu-
orides. All the materials were prepared by means of pyrolysis
of solutions of initial constituents (e.g., LusO3 and BoOj3 for
lutetium borate) in melts of ammonium nitrate, other easily
melting solids or in water [5], [6]. The low temperature py-
rolysis of the solutions (at about 300°C) produced amorphous
precursors, whereas their subsequent annealing at temperatures
in the range 500°C-1200°C provided nanocrystalline materials
of necessary compositions with the mean dimensions of the
grains from 10 nm to 100 nm and greater, which could be
regulated by variations in annealing temperatures and durations
[2].This method provides wide opportunities for doping of
scintillating materials with many light emission activators and
other useful ions. It is important to emphasize that several
doping elements can be introduced simultaneously by means
of thermally induced diffusion.The dimensions of the grains
were found from half-width of X-Ray diffraction reflections,
by transmission and scanning electron microscopy. A D500
Siemens X-Ray diffractometer, a JEM-100CX transmission
electron microscopy and a SUPRA 50VP spectrometer were
used for these purposes correspondingly. The SUPRA 50VP
spectrometer was used simultaneously with scanning electron
microscopy to determine chemical compositions of nanopar-
ticles by analyzing their X-Ray characteristic spectra (i.e.,
electron microprobe analysis). The crystal structures were
found using X-Ray diffraction spectra obtained by means of
the D500 diffractometer.Light emission characteristics of the
materials were measured by means of optical spectrometers
using either X-Ray or optical excitations (continuous and
pulsed).Atomic compositions of the materials were found by
means of infrared vibration spectroscopy on an IFS—113
“BRUKER” Fourier spectrometer.

III. EXPERIMENTAL RESULTS

Transmission electron microscopic images of lutetium fluo-
ride and lutetium borate particles are shown in Fig. 1 (top and
bottom right photos). The bottom left picture presents scanning
electron microscopic image of lutetium fluoride microparticles
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Fig. 1. Transmission electron microscopic images of nanoparticles of lutetium
fluoride (top) and lutetium borate (bottom right). Scanning electron microscopic
image of lutetium fluoride microparticles (bottom left).

TABLE I
DEPENDENCE OF AVERAGE DIAMETERS OF LUTETIUM BORATE GRAINS ON
ANNEALING TEMPERATURE

Temperature__ 500°C

10 nm

700°C
30 nm

800°C
70 nm

1000°C
100 nm

Diameter

for illustration of the changes in sizes and morphology of the
particles during annealing (the crystallographic faces are seen
quite clearly). It has been found that dependences of the dimen-
sions, morphologies and light emission abilities of lutetium
borate and lutetium fluoride particles have significant differ-
ences.The LuBOg3 nanocrystals demonstrated smooth surface
without sharp corners (see Fig. 1) and their geometry was close
to spherical. Average diameters of these particles were growing
monotonously with the increase of annealing temperature.The
typical dependence of average diameters of lutetium borate
nanoparticles on annealing temperatures is presented in Table 1.
Duration of each annealing was about 4 hours.

Behavior of dimensions and morphology of LuFs parti-
cles, as functions of the annealing temperature, was much
more complicated. X-Ray diffractometry revealed significant
anisotropy of their dimensions: in the temperature range from
350 to 1000°C the particles were flat. For example, after
annealing at 750°C they had 35-nm thickness in [1] direction,
and about 70-nm thickness in perpendicular and transverse
directions, [100] and [010]. On the other hand, the transmission
electron microscopy of these particles (Fig. 1) showed presence
of sharp corners and quasi-plane faces even for particles of
relatively small dimensions (about 30 nm). Scanning electron
microscopy of lutetium fluoride particles with much greater
microscopic dimensions (bottom left at Fig. 1) demonstrated
preservation of the faceted structure with sharp corners and
pronounced crystallographic anisotropy of faces. But the mean
dimensions along different crystallographic directions became
closer to each other.The dimensional dependence of integral
luminescence intensity of lutetium borate particles doped with
cerium looks similar to the dependence of YAG:Eu described
earlier [2]. It has a light emission pronounced maximum
corresponding to the mean diameter of about 90 nm (Fig. 2).
The integral luminescence intensity of LuFs nanoparticles
demonstrated essential changes as the annealing function, but
the character of these changes differed strongly from those of
LuBOj. After the initial stage of nucleation of these nanopar-
ticles by thermal decomposition of the solution at 350°C, the
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Fig. 2. Dependences of integral intensities of X-Ray luminescence of lutetium
borate (the curve with maximum) and lutetium fluoride (monotonous curve) on
average sizes of the particles.

intensity was relatively weak. The structure of the material
was a mixture of amorphous and crystalline states (as X-Ray
diffractometry showed). There was 1.5-2-fold increase in
emission intensity after the first hour of annealing at 500°C.
The structure became crystalline simultaneously. But further
annealing at this temperature again caused decrease in the
intensity. During subsequent annealing at higher temperatures,
either the dimensions or the light emission intensity were
growing monotonously. This is shown schematically in Fig. 2.
We should note that the curve corresponding to lutetium flu-
oride is presented for demonstration of qualitative difference
in behavior of lutetium borate and fluoride and cannot be used
for quantitative conclusions. One of the reasons is that the
particles are flat plate-shaped and their sizes in [001] and [100]
directions differ by about 2 times. X-Ray diffractometry (for
oxide nanoparticles) and infrared spectroscopy for lutetium
fluoride particles distinctly revealed non-homogeneities of their
crystalline structures for the nanoparticle sizes from 20 nm
to 100 nm. Fig. 3 presents a part of X-Ray diffractogram of
lutetium borate nanoparticles where splitting of the reflec-
tions is seen clearly. Secondary maxima at left of the main
maximum reveal the presence of an additional phase with sim-
ilar symmetry and slightly increased (about 1%) interatomic
spacing. It should be noted that splitting of the X-Ray reflec-
tions for oxide nanoparticles is rather universal phenomenon
which was observed for a wide set of simple rare earth oxides
(Lus 03, Gd303, Eus O3 , LasO3) as well as for complex ox-
ides (LuBOs—Iutetium borate, Y3Gas;01o—yttrium-gallium
garnet, Euy(MoO,)3—europium molibdate) [6]. The angular
widths and intensities of the secondary maxima at lower angles
are strongly dependent on the history of particles (temperatures
and durations of annealing, degree of mechanical processing
by ball milling, etc.). E.g., these additional reflections appeared
after moderate duration of annealing (for yttrium-gallium
garnet it took 6 hours at 1250°C), but after longer annealing
at the same temperature (25 hours for YGG) they disappeared.
For lutetium borate and europium molibdate the secondary
reflections were observed especially clearly after several hours
of ball milling. It is important to emphasize that stoichiometry
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Fig. 3. X-Ray diffractogram of lutetium borate nanoparticles demonstrating
the existence of two interatomic spacings.

either of the single-phased or two-phased particles was the
same with the accuracy of 1.0% as it was found by electron
microprobe analysis. X-Ray diffractometry of LuF3 did not
reveal additional separate reflections, but these reflections were
broadened and the temperature dependence of this broadening
was rather complicated. At the initial stage of annealing the
reflections had triangular-like shapes and broadening appeared
either at lower or higher diffraction angles [6]. This behavior of
the diffraction pattern can be interpreted as a result of gradual
changes in the interatomic spacings in both directions with
respect to the bulk material. I.e. regions either with increased
or decreased interatomic spacing were presented. Further an-
nealing caused deformations of the reflections, in particular, in
high angular region the bulk material spectrum is approached,
whereas at lower angles the broadening was preserved. Thus we
concluded that at this stage the lutetium borate particles were
transformed to the structure with gradual increase of the lattice
parameter from the centers of the particles to their exterior
surfaces [6]. On the other hand, infrared reflection spectroscopy
of these particles after 500°C annealing showed the presence
of a new material—lutetium fluoride-oxide LuOj-.Fi 4o,
(Fig. 4). These modifications of the infrared spectra were
observed for the lutetium fluoride particles described above,
which at the beginning of 500°C annealing increased their
light emission ability, but after several hours of annealing at
this temperature the luminescence intensity decreased.After
processing of lutetium fluoride particles in fluorine containing
medium their light emission ability was enhanced and infrared
reflection spectrum returned to that of “pure” LuF';.

IV. DISCUSSION OF THE RESULTS

The special features of X-Ray diffractograms of oxide
nanoparticles and infrared spectra of lutetium fluoride can be
attributed to the presence of subsurface layers whose atomic
structures differ from the volume structures. It is easier to
interprete the nature of this layer in lutetium fluoride where
LuO;-,F1 42, phase was found. Fluorine ions are substituted
by oxygen ions in oxygen containing atmosphere. At the begin-
ning of this process oxygen-containing regions do not cover the
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Fig. 4. Infrared reflection spectra of lutetium fluoride (thick curve) and
lutetium oxide—fluoride (thin curve).

whole particle surface with a continuous layer. At this moment
the influence of oxygen on the infrared reflection spectra and
the light emission intensity is relatively weak. On the other
hand, the crystalline structure became more regular and the
enhancement of the luminescence was observed. Increase
in the annealing duration caused an increase in the oxygen
content in the subsurface layer thus making light emission
decrease and LuO;-,F1 2, spectrum manifest. Heat treatment
of fluorine-containing medium produced inverse substitution
of oxygen by fluorine, which caused recovering of the light
emission ability and restoration of the infrared spectra of initial
lutetium fluoride.Interpretation of splitting of X-Ray reflections
of lutetium borate particles is not so simple. Presence of the
secondary maxima adjacent to the main maxima from the left
reveals the existence of a new phase with a similar symmetry
and slightly increased interatomic spacings (by about 1% as
it was stated earlier). But justification of the presence of this
new phase in the form of a subsurface layer needs additional
argumentation. An alternative version includes existence of a
secondary phase, either as inclusions in the matrix particles
or as separate particles with increased interatomic spacings.
Growth of separate particles with changed lattice parameters
can result from variation in stoichiometry of the material. But
electron microprobe analysis did not reveal any modification
in the stoichiometry even for the particles with the integral
intensity of the secondary reflections at the level of 30%.
So, existence of the secondary phase as separate particles is
doubtful. On the other hand, the increase in volume fraction of
these secondary phases after mechanical processing of oxide
particles by ball milling draws to the assumption that these
phases are concentrated mainly in the subsurface layers of the
particles. This version is confirmed by well known idea that
the internal energy of the subsurface layer is higher than in
the volume, so its structure can be more similar to the high
temperature state of the material with increased interatomic
spacings [7]. One more argument in favor of the secondary
phases localization in the subsurface layers of the particles
is that the contents of these phases estimated independently
from the integral intensities of the secondary X-Ray reflections
and from the widths of the additional maxima agree. For the
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Fig. 5. Schemes of energy and electron structures of lutetium borate (left) and
lutetium fluoride (right) nanoparticles. The curves show qualitatively spatial
distributions of the electron excitation densities. The drawings at the bottom
show schematically spatial distributions of the forbidden gaps (light—wider,
dark—narrower).

diffractogram presented in Fig. 3 both approaches gave the
values of about 30% (the thickness of the secondary phase layer
estimated from the width of the secondary reflections is about
10% of a particle radius). It should be emphasized that the
ratio between the secondary phase thickness in the subsurface
layers and the overall diameter of the particles is not constant.
It is significantly dependent on chemical compositions, overall
dimensions and the way of the treatment of the particles. In our
experiments we observed the thicknesses from 2 nm to 20 nm
or even more.The existence of the subsurface layers with the
increased interatomic distances (as in oxides) or with oxygen
containing phases (as in fluorides) is used to explain at least
three experimental results described above: presence of the
maximum light emission effectiveness as a function of diam-
eters of oxide nanoparticles, its absence for fluoride particles
and essential acceleration of the scintillation rise time for oxide
nanoparticles.In the rare earth metal oxides, in accordance
with the ion model of interatomic binding (see, for example,
[8]), the increase in interatomic spacing leads to corresponding
increase in the forbidden gap of a material. Substitution of
fluorine ions by oxygen in lutetium fluoride should induce
the contrary effect—a. decrease in the forbidden gap width.
So the influence of the subsurface layers on the processes of
electron excitation recombination in the oxide and fluoride
nanoscintillators is quite different (see the scheme at Fig. 5).
In oxides like lutetium borate, yttrium-aluminum garnet, and
others the subsurface layer with the increased gap width pro-
tects the excitations from direct contact with the surface. It is
well known that usually the surface provides many channels
of non-radiative recombination, so this protection is important
for increase in the light emission ability. On the other hand, the
decreased gap at the subsurface layer of lutetium fluoride at-
tracts excitations to the surface and consequently enhances their
non-radiative recombination. Due to this reason the light yield
in lutetium fluoride is increasing gradually with the increase in
diameter of the particles, because the bigger the diameter, the
lower the probability of electron excitation contacts with the
surface.There can be several reasons why these maxima of the
light emission ability appear to be functions of the nanooxide
particles sizes. For example, at 70-100-nm diameters when
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these maxima are observed, the exterior perimeters of the par-
ticles are roughly close to the emitted light wavelength (taking
into consideration that the refraction index is about 2). So, the
nanoparticles can work as optical resonators for the emitted
photons. It is well known that in this case [1] the probability
of spontaneous light emission is increased as the density of the
virtual photons in the resonator increase in proportion to the
resonator quality and inverse proportion to its volume and to
power of three of the emitted light wavelength (the so called
“Purcell effect”). In our case the volume of the particles is close
to cube of the wavelength, so for good quality of the resonator
(i.e., for smooth enough external surfaces of the particles) the
enhancement of the light emission due to Purcell effect should
be rather strong. This is the case for approximately spherical
particles of lutetium borate and yttrium-aluminum garnet. But
for lutetium fluoride particles the quality of the resonator is
poor because of an substantial fraction of sharp corners and
edges, which scatter the emitted light effectively. On the other
hand, the presence of the subsurface layer (of the thickness
from 2 to 20 nm) with modified atomic and electron parameters
can provide conditions for effects of quantum confinement of
electron and phonon states, whereas the overall dimensions of
the particles are far from this condition.The close contact be-
tween two dielectric regions with different positions of valence
bands provides the so called double layer which is electrically
active due to migration of a certain amount of charge carriers
from one region to another. Due to this migration quasi-two
dimensional region with increased electrostatic field should
appear. It is quite possible that this region has nanoscopic
thickness, so the conditions for quantum confinement can also
exist in this case.Hence, the complicated layered structure of
the oxide nanoparticles provides several reasons for various
quantum effects, which can cause enhancement of the light
emission ability. Clarification of these mechanisms needs more
detailed studies, which we plan to arrange later.The same
layered structure can be applied for explanation of the rise time
acceleration of the light emission observed in the lutetium and
gadolinium borate nanoparticles. E.g., due to electrical activity
of the double layer described above two phenomena can take
place: electron-hole pairs will be attracted to this layer as well
as the ions which work as light emission activators (they are
shown as bright points in Fig. 5). The subsurface layer is also
attractive for doping with various ions for thermodynamic
reasons: the subsurface layer being a region of higher internal
energy is more advantageous for impurities introduction than
the interior volume.Thus, due to the abovementioned reasons
both concentrations (of electron-hole pairs and of light emis-
sion centers) can be increased significantly in the subsurface
layer. This will cause increase in the frequency of collisions of
electron excitations with the emission centers and consequent
increase in the capturing rate of these excitations by the activa-
tors. So the centers will be saturated with electron excitations
much faster than in a homogeneous region. Thus the rise time of
the light emission will be decreased substantially.In addition,
we would like to emphasize that in polymorphic materials
(which can have several phases) the layered structure can be
formed from the regions containing different phases, as we
have observed in europium molibdate [9].Generally speaking,

capture of non-equilibrium electrons and holes excited by light
emission activators inside non-metal nanoparticles should be
accelerated in any case when these activators are concentrated
in the subsurface layer. Due to internal reflections at the sur-
faces of nanoparticles, electron excitations will spend more
time in the vicinity of the surface than in the volume. So the
frequency of electron and hole collisions with the activators will
be increased, as the time required for filling the centers with
electron excitations will be decreased.Non-metal particles with
nanoscopic dimensions provide a wide set of opportunities for
ionizing radiation registering with temporal resolution better
than 1 ps (i.e., 10712 seconds). For example, relaxation of a pair
of hot electron and deep hole produced by photoelectric absorp-
tion of X-Ray quantum by any atom will proceed much faster
(during the time less than 1 ps) if this atom is in contact with
other atoms in a cluster or a nanoparticle. In this case the energy
of the absorbed quantum will be dissipated due to emission of
secondary X-Rays and Auger electrons by the neighbors of the
atom which was the absorber of the initial quantum (see [10]
and references there) and this dissipation will be far shorter than
1 ps. The rest part of the absorbed energy will be transferred to
the phonon system of a nanoparticle faster than for 1 ps. Due
to relatively small dimensions of the absorbing nanoparticle,
which is isolated form the neighboring particles by the exterior
surface, emission of Auger electrons as well as transfer of the
rest part of the absorbed quantum energy to the phonon system
of the particle should induce noticeable changes in its physical
properties. E.g., emission of the electrons to the exterior space
will induce local dipole moments and electric fields, which
can be detected by optical or other means. On the other hand,
significant perturbations of internal crystal fields or atomic
vibrations can induce structural transformations in nanoparti-
cles of the polymorphic materials—Ilike vanadium oxide [11]
or europium molibdate [7]. Experimental studies of structural
transformations in VOo showed that in the nanosized objects
these transformations can proceed faster than for 1 ps [11].
They will induce respectively fast changes in optical character-
istics of the particles.The techniques for registration of these
fast modifications of local optical characteristics with fem-
tosecond lasers are well developed [10], [11]. So the prospect
of development of a radiation detector with sub-picosecond
temporal resolution with application of nanoparticles seems
realistic.Superfast radiation detectors will have promising
prospects for applications among new generations of X-Ray
devices for medical diagnostics, security control, etc. For ex-
ample, time-of-flight registration with 1 ps temporal resolution
provides 3-dimensional X-Ray imaging of various interior
objects with spatial depth resolution of about 0.3 mm. So
volume imaging for medical testing will not need tomographic
angular scanning. Hence, irradiation doses for the patients will
be decreased significantly and the diagnostic procedures will be
accelerated. Both these factors are important for improvement
of medical diagnostic.Nano-dimensions of radiation detectors
give good opportunities for development of detectors with
much higher radiation hardness. These opportunities are based
on the attraction of any structural defects induced by irradiation
to the exterior surface, because these defects inevitably increase
the internal energy. In nanoparticles a probability for the de-



fects to achieve the surface by diffusion and annihilate there
is very high because of very short distances from any internal
point to the surface. The characteristic time of the diffusion is
proportional to the ratio of the square distance to the diffusion
coefficient [12]. For nanoparticles having the radius about 20
nm and typical diffusion coefficient of 1071 cm?/sec the
annihilation time thus estimated will be about 100 seconds.
This means that after absorption of X-Ray or gamma quanta
the nanoparticles will recover after 100 seconds. The density of
nanoparticles of these sizes (i.e., their number per 1 cm?) is of
an order of 1017 ¢cm™3. So the effective absorption layer of 0.1-
mm thickness will contain 10'® nanoparticles per cm? of its
area. If each nanoparticle needs 100 seconds for recovery after
gamma or X-Ray absorption, the flow intensity of these quanta
which will not destroy the stability of the nanoparticles can be
estimated as 1013 /n cm =2 sec™!. Here n is the total number of
the nanoparticles disturbed by secondary X-Rays and electrons
emitted during relaxation of the particle, which absorbed the
first quantum [9]. Precise estimations of this quantity is prob-
lematic and needs additional experiments, but if this value does
not exceed 100 particles, then the acceptable irradiation flow
can achieve 10! ¢cm™2 sec™!. This flow of ionizing radiation
is close to typical values inside nuclear reactors [13]. Hence,
nanoscintillators can be used for development of radiation
detectors with increased radiation hardness, which can survive
in the flow of intensive radiation. Moreover, the upper limit of
the radiation flow can be increased significantly by decrease
in dimensions of the nanoscintillators, because this limit is
inversely proportional to the square of the dimensions. On the
other hand, slight increase in temperature of the detector ex-
ploitation will cause several-fold increase in the self-diffusion
coefficient, which will provide the corresponding increase in
radiation hardness of the nanoscintillators.Excellent prospects
of application of nanoparticles for radiation detectors described
above have one severe obstacle. It is caused by difficulties
in preparation of optically transparent bulk material from
nanoparticles. High temperature compaction usually applied
for this purpose will increase the dimensions of the particles,
so the advantages provided by nanodimensions will be lost.
So, new methods for practical application of nanocrystalline
radiation detectors should be developed. For example, thin layer
of nanoparticles can be deposited onto optically transparent
light guide. This opportunity is especially important for the
development of radiation hard detectors for on-line control
of nuclear reactors. We should note that production of light
guides from sapphire fibers (including the fibers with radiation
hardness up to 109 Grey) is well developed [14], [15].

V. CONCLUSION

The experiments and arguments presented in this paper show
that application of nanocrystalline scintillators for radiation de-
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tectors can improve their parameters significantly; achieve man-
ifold increase in the light yield and sensitivity; accelerate the
registration rate of ionizing radiation to the temporal resolution
better than 1 ps; provide new possibilities for X-Ray volume
imaging by using time-of-flight registration, reducing irradia-
tion doses, duration of scanning and cost of devices; and in-
crease essentially radiation hardness of the detectors (which is
important for radiation monitoring at nuclear power plants, etc.)
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