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Film polymer composite scintillators based on scintillation polystyrene with n-terphenyl and
POPOP activators and loaded LaF3 nanoparticles have been developed for the registration of ioni-
zing radiation. LaF3 nanoparticles were obtained through precipitation involving ion substitution
from LaCl3 water and water-alcohol solution with the addition of NH4F solution. The spectral and
kinetic properties of polymer nanocomposites under X-ray irradiation have been studied. It was
found that the e�ciency of the ionizing radiation detection for a polystyrene composite with loaded
non-luminescence LaF3 nanoparticles increases by an order of magnitude compared to the e�ci-
ency of a polystyrene scintillator without nanoparticles, maintaining the spectral composition of the
polystyrene scintillator radiation and its speed was 3 ns. It is proposed that the main mechanism
of the scintillation generation is the excitation of polystyrene matrix by electrons that escape from
the nanoparticle by the mechanism of photoe�ect under the in�uence of ionizing radiation.
Key words: luminescence of nanoparticles, polystyrene nanocomposite, loaded LaF3 nanoparti-

cles, spectral and kinetic properties.
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I. INTRODUCTION

The growing need for radiation control over the
movement of goods and monitoring the radiati-
on background on large areas requires a signi�cant
amount of materials with high light output and speed
performance to detect ionizing radiation, which would be
technological and cheap in fabrication. The material for
ionizing radiation detectors that meets the above menti-
oned requirements could be luminescence polystyrene. It
is cheap, technological, and exhibits luminescence under
the in�uence of X-rays with a decay time of about 3 ns.
However, the low absorption capacity of polystyrene as
to high-energy radiation due to its low e�ective atomic
number Ze� substantially limits its use as a material for
scintillation detectors of ionizing, and in particular X-ray
radiation [1].

Nanocomposite scintillation materials, in which
inorganic luminescence nanoparticles are used as a �-
ller, show a signi�cant increase in the e�ciency of the
registration of ionizing radiation [2, 3], when the size
of nanoparticles is much larger than the free path of
electrons in them. It turned out that this e�ciency is
determined by the size of nanoparticles and depends on
the ratio between the free path of electron and the si-
ze of nanoparticles. The high-speed performance of such
luminescence composites in the case of nanoparticles,
for which the free path length l is less than the si-
ze of nanoparticles a (l < a), is ensured by radiative
or resonance mechanisms of energy transfer from the
nanoparticles to the polystyrene matrix [4�9]. In this

case, the decay kinetics of the composite reproduces the
luminescence decay parameters of inorganic dielectric
particles and is an order of magnitude slower than the
luminescence of the polystyrene matrix with n-terphenyl
and POPOP activators. When the size of nanoparti-
cles loaded in the polystyrene matrix is comparable or
less than the free path length of the electrons in them
(l ≥ a), the luminescence of the polystyrene composite
is associated with the electronic mechanism of energy
transfer from nanoparticles to the polystyrene matrix
and is determined by the luminescence decay kineti-
cs of the polystyrene matrix [10, 11] which lies in the
nanosecond range (2�3 ns). In order to study the e�ci-
ency of the electronic excitation mechanism of the scinti-
llation polystyrene, it is proposed to exclude the radiati-
on mechanism of the energy transfer from nanoparticles
to polystyrene by synthesizing polystyrene nanocomposi-
tes loaded with non-luminescence LaF3 nanoparticles
and conducting spectral and kinetic studies of the obtai-
ned nanocomposites.

II. PRODUCTION TECHNOLOGY AND
METHODS FOR MEASURING THE

LUMINESCENCE CHARACTERISTICS OF LaF3

NANOPARTICLES AND COMPOSITES BASED
ON THEM

A. Synthesis of LaF3 nanoparticles

LaF3 nanoparticles were obtained from La(NO3)3 i
NH4F starting materials in water or water-ethyl-alcohol
solution by the ion substitution reaction:
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La(NO3)3 + 3NH4F → LaF3 +3NH4 NO3.

To avoid concentration gradients, water-alcohol soluti-
on of ammonium �uoride NH4F was added drop-by-drop
in regular intervals to the lanthanum nitrate solution
La(NO3)3.
The obtained nanoparticles were precipitated by

centrifugation at a speed of 6000 rpm. Then they
were washed with distilled water and centrifuged again.
The procedure of centrifugation and washing of the
nanoparticles was repeated once again. The washed
nanoparticles were dried at 120◦C and used for further
studies.
To obtain larger LaF3 nanoparticles, the method of

hydrothermal synthesis in autoclave at the temperature
of 200◦C for 12�24 hours was used.

B. Identi�cation of phase composition and
evaluation of the size of LaF3 nanoparticles

To study the structure and phase composition of LaF3,
methods of X-ray phase analysis were used. X-ray di-
agrams were measured on a DRON-4 di�ractometer with
a nickel �lter and a copper anticathode (CuKα radiati-
on, λ = 1.5406 �A) in the range of angles 10◦ < 2Θ < 80◦

with a scanning step of 0.05◦.
According to the width of the di�raction maxima using

to Scherer's formula, the average size of nanoparticles
was found.
Figures 1 and 2 show the di�raction patterns of the

synthesized LaF3 particles. In Figs. 1 and 2, the di-
�raction patterns of LaF3 nanoparticles obtained by the
ionic substitution reaction with and without the additi-
on of alcohol are shown, respectively. The di�ractograms
show that both methods allow producing nanoparticles of
LaF3 composition with the following average sizes: 29 nm
� without the use of alcohol; 5 nm � using alcohol.
Hydrothermal growth in a water-alcohol solution in an
autoclave at a temperature of 200 ◦C led to an increase in
the average size of the nanoparticles to 25 nm and 47 nm
depending on the synthesis duration (12 and 24 hours,
respectively). Hydrothermal growth in an aqueous soluti-
on in an autoclave at a temperature of 200◦C led to an
increase in the average size of the nanoparticles from
29 nm to 35 nm for 24 hour synthesis.
The proposed methods allowed us to obtain a wide set

of LaF3 nanoparticles with the average size from 5 nm
to 49 nm.

C. Preparation of polystyrene �lms

Composite �lms were made from polystyrene scinti-
llator chips produced by the Institute of Scintillation
Materials of the National Academy of Sciences of Ukraine
(Kharkiv), which contain organic luminescence impuri-
ties: n-terphenyl luminescence activator (2 wt.%) and
POPOP spectrum shifter (0.1 wt.%).
The polystyrene scintillator chips were dissolved in an

azeotropic mixture of C2H4Cl2 + CCl4 (dichloroethane

+ carbon tetrachloride). After the complete dissolution
of the polystyrene, LaF3 nanoparticles (40 wt%) were
added to the mixture. The mixture was sonicated at
150 W for 15 minutes to obtain a uniform distribution
of nanoparticles in the polystyrene solution. A colorless
and completely transparent suspension of nanoparticles
in the polystyrene solution was obtained. To obtain
composite �lms, the suspension was applied drop-by-
drop to a glass slide and held for 24 hours until the
solvent completely evaporated.
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Fig. 1. Di�ractograms of LaF3 nanoparticles obtained from
a water-alcohol solution in an autoclave at the annealing

temperature of 200◦C for 12 h (a) and 24 h (b)

10 20 30 40 50 60 70
0

40

80

120

160

2 degree.

b)
a =32 nmIn

te
ns

ity
, a

.u
.

a =29 nmCu K

0

200

400

600

800

1000

1200

)

Fig. 2. Di�ractograms of LaF3 nanoparticles obtained from
an aqueous solution (a) and in an autoclave at the annealing

temperature of 200 ◦C for 24 hours (b)

The �lm composites formed in this way had good
transparency and homogeneity. For luminescence studi-
es, samples, 10 mm in diameter and 0.3 mm thick, were
cut from �lm composites.
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D. Measurement of spectral and kinetic
luminescence parameters

The luminescence spectra, excitation spectra, and
luminescence decay kinetics of LaF3 nanoparticles
and polymer composites with loaded LaF3 nanoparti-
cles under pulsed X-ray excitation were measured on
an apparatus based on a LOMO MDR-2 di�raction
monochromator with 20 nm/mm dispersion and pulsed
X-ray source. The installation allows conducting lumi-
nescence and kinetic measurements in the 10−9�10−6 s
time interval and 200�800 nm spectral range. The anode
voltage on the X-ray tube was U = 40 kV, the average
current was about 100 µA, and the pulse duration was
2 ns. The average energy of the X-ray quanta was 23 keV.
All measurements were made at room temperature.

III. RESULTS AND DISCUSSION

LaF3 nanoparticles have an e�ective atomic number
of Zeff ≈ 51, which indicates a much greater ability
to absorb X-rays compared to a polystyrene matrix.
However, in the case of excitation by X-ray quanta at
T = 300 K, LaF3 nanoparticles practically do not emit
(3, curve 2). This is con�rmed by the fact that their emi-
ssion intensity is of the same order as the luminescence
intensity of pure polystyrene (3, curve 1), which also
practically does not emit under X-ray excitation.
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Fig. 3. Luminescence spectra: 1 � a polystyrene �lm without
activators; 2 � LaF3 nanoparticles with the average size of

25 nm under X-ray excitation

Figure 4 shows the luminescence of the polystyrene �-
lm scintillator (PSL) 0.3 mm thick without nanoparticles
(curve 2) and with loaded di�erent-size LaF3 nanoparti-
cles with 40 wt.% concentration (curves 3�5) in the case
of X-rays excitation. For comparison, the luminescence
of a PS polystyrene �lm without activators is shown
(curve 1).
When inorganic LaF3 nanoparticles are not present,

the polystyrene scintillator has a weak emission (curve 2)
in the form of two bands with maxima at 350 nm
and 420 nm, which correspond to the luminescence

of n-terphenyl and POPOP, respectively [12]. The
luminescence of the polystyrene composite scintillator
loaded with non-luminescence LaF3 nanoparticles shows
approximately 16 times more intense luminescence
(curves 3�5) compared to the luminescence intensi-
ty of the polystyrene �lm with activators (curve 2)
(PSL). The structure of the luminescence spectra of
polystyrene composite with loaded nanoparticles is simi-
lar to the luminescence spectra of polystyrene �lms with
n-terphenyl and POPOP activators and reveals two emi-
sstion bands with the maxima of about 350 and 420 nm.
Note that the luminescence intensity of composites wi-
th loaded LaF3 nanoparticles under X-ray excitation is
much higher than the intensity of a polystyrene scinti-
llator without nanoparticles. With an increase in LaF3

nanoparticle size from 5 nm to 47 nm at a constant
concentration, if the size of nanoparticles is larder than
20 nm, the composite luminescence intensity decreases
slightly (Fig. 4, insert).
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Fig. 4. X-ray luminescence of a polystyrene �lm without acti-
vators (PS) (curve 1); a scintillation polystyrene �lm without
nanoparticles (PSL) (curve 2); a scintillation polystyrene �-
lms (PSL) with loaded LaF3 nanoparticles with 40 wt.%
concentration and average sizes of 5 nm (curve 3), 25 nm
(curve 4) and 47 nm (curve 5). The �lm thickness is 0.3 mm

The observed behavior of the luminescence parameters
of a polystyrene composite with loaded LaF3 nanoparti-
cles can be understood from the following considerations.
As the absorption capacity of polystyrene is low,

the composite absorption capacity increases due to the
loaded LaF3 nanoparticles. In this case, the electrons
under X-ray excitation move from the nanoparticles to
the matrix and cause the emission by the polystyrene
matrix (electronic excitation mechanism of polystyrene
matrix [6�11], which is characteristic of scintillation
polystyrene). The emission intensity will be determi-
ned by the ratio between the size of the nanoparticle
and the electron free path. The most favorable condi-
tions for increasing the luminescence intensity of the
polystyrene composite are when the electron free path
is greater than the size of the nanoparticles. In the
case of excitation by X-ray quanta with 23 keV energy,
the electron free path length is about 20 nm [13]. This
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value is larger or comparable with the size of LaF3

nanoparticles. Under such conditions, the luminescence
intensity of the composite �lm depends only on the
volume from which the photoelectrons can escape to
the polystyrene matrix and cause its emission. In [6],
it was shown that the total volume of the scintillator
inorganic component, from which electrons can exit into
the polystyrene environment, slowly decreases as the si-
ze of the nanoparticles increases at a constant weight
concentration. Accordingly, the luminescence intensity
of the polystyrene nanocomposite with an increasing si-
ze of non-luminescence LaF3 nanoparticles and constant
concentration has a weak tendency to decrease.

Fig. 5. Curves of X-ray luminescence decay kinetics: 1 �
a scintillation polystyrene �lm (PSL) without nanoparti-
cles (curve 1); �lm composites containing di�erent-size LaF3

nanoparticles (40 wt.%): curve 2 � 25 nm; curve 3 � 47 nm.
The thickness of the �lms is 0.3 mm

It is not only the luminescence spectrum, but also the
kinetics that reproduces the luminescence parameters
of the polystyrene scintillator. The luminescence decay

of the �lm without LaF3 nanoparticles is characteri-
zed by monoexponential curves with the decay constant
of 3 ns (Fig. 5, curves 1�3), which is characteri-
stic of a polystyrene scintillator without nanoparti-
cles. This indicates that the excitation energy from
the non-luminescence LaF3 nanoparticles is transferred
to the polystyrene matrix by a non-radiating channel
through the electronic mechanism via the injection of
electrons that �ew from outside the nanoparticle into
the polystyrene matrix.

IV. CONCLUSIONS

Thin-�lm polymer scintillators based on scintillati-
on polystyrene with n-terphenyl and POPOP acti-
vators and loaded LaF3 nanoparticles were obtained.
The luminescence spectra of polystyrene composites wi-
th loaded di�erent-size LaF3 nanoparticles consist of
two emission bands with maxima at 350 and 420 nm,
which correspond to the luminescence of n-terphenyl
and POPOP polystyrene activators. The luminescence
intensity of the composites with loaded LaF3 nanoparti-
cles under X-ray excitation is an order of magnitude
higher than the intensity of a polystyrene scintillator
without nanoparticles. The luminescence decay kineti-
cs of the composites with loaded di�erent-size LaF3

nanoparticles is characterized by the decay constant of
3 ns, which is typical of a polystyrene scintillator without
nanoparticles.

The observed regularities of the luminescence of the
composites suggest that the main mechanism of scinti-
llation is the excitation of the polystyrene matrix by the
electrons formed in the nanoparticles under the in�uence
of ionizing radiation by the photoe�ect mechanism, whi-
ch escaped from them to the polystyrene environment
and excite the polystyrene matrix.
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ÏÎËIÑÒÈÐÎËÜÍI ÊÎÌÏÎÇÈÒÈ Ç ÓÊÐÀÏËÅÍÈÌÈ ÍÀÍÎ×ÀÑÒÈÍÊÀÌÈ LaF3

ÄËß ÐÅ�ÑÒÐÀÖI� ÉÎÍIÇÓÂÀËÜÍÎÃÎ ÂÈÏÐÎÌIÍÞÂÀÍÍß

M. Äåíäåáåðà1, A. Æèøêîâè÷1, T. Ìàëèé1, Ë. Äåìêiâ1, Í. Ãëîñêîâñüêà1, T. Äåìêiâ1, Â. Âiñòîâñüêèé1, Î. Ãåêòií2,

A. Âîëîøèíîâñüêèé1

1Ëüâiâñüêèé íàöiîíàëüíèé óíiâåðñèòåò iìåíi Iâàíà Ôðàíêà,
âóë. Êèðèëà i Ìåôîäiÿ, 8, 79005 Ëüâiâ, Óêðà¨íà,

2Iíñòèòóò ñöèíòèëÿöiéíèõ ìàòåðiàëiâ, ïðîñï. Íàóêè, 60, Õàðêiâ, 61072, Óêðà¨íà

Ðîçðîáëåíî ïëiâêîâi ïîëiìåðíi ñöèíòèëÿòîðè íà îñíîâi ñöèíòèëÿöiéíîãî ïîëiñòèðîëó ç àêòèâàòî-
ðàìè n-òåðôåíiëîì òà ÐÎÐÎÐ i âêðàïëåíèìè íàíî÷àñòèíêàìè LaF3 äëÿ ðå¹ñòðàöi¨ éîíiçóâàëüíîãî
âèïðîìiíþâàííÿ ç íàíîñåêóíäíîþ øâèäêîäi¹þ. Íàíî÷àñòèíêè LaF3 îòðèìàíî ìåòîäîì îñàäæåííÿ
çà ðåàêöi¹þ éîííîãî çàìiùåííÿ ç âîäíî- òà âîäíî-ñïèðòîâîãî ðîç÷èíiâ LaF3 iç äîäàâàííÿì ðîç÷èíó
NH4F. Ñåðåäíié ðîçìið íàíî÷àñòèíîê LaF3 ç âîäíî-ñïèðòîâîãî ðîç÷èíó ñòàíîâèâ 5 íì, ç âîäíîãî
ðîç÷èíó � 29 íì. Çáiëüøóâàëè ðîçìið íàíî÷àñòèíîê LaF3 ãiäðîòåðìàëüíèì âiäïàëîì â àâòîêëàâi çà
òåìïåðàòóðè 200◦Ñ ïðîòÿãîì 12�24 ãîäèí.

Äîñëiäæåíî ñïåêòðàëüíî-êiíåòè÷íi âëàñòèâîñòi ïîëiìåðíèõ íàíîêîìïîçèòiâ iç óêðàïëåíèìè íà-
íî÷àñòèíêàìè LaF3 ðiçíîãî ðîçìiðó ó ðàçi çáóäæåííÿ Õ-ïðîìåíÿìè. Ñïåêòðè ëþìiíåñöåíöi¨ ïîëi-
ñòèðîëüíèõ êîìïîçèòiâ iç óêðàïëåíèìè íàíî÷àñòèíêàìè LaF3 âèÿâëÿþòü äâi ñìóãè âèïðîìiíþâàííÿ
ç ìàêñèìóìàìè çà 350 i 420 íì, ÿêi âiäïîâiäàþòü ñâi÷åííþ àêòèâàòîðà ïîëiñòèðîëó n-òåðôåíiëó òà
çìiùóâà÷à ñïåêòðà ÐÎÐÎÐ, âiäïîâiäíî. Iíòåíñèâíiñòü ëþìiíåñöåíöi¨ ïîëiñòèðîëüíèõ êîìïîçèòiâ iç
óêðàïëåíèìè íàíî÷àñòèíêàìè LaF3 çà çáóäæåííÿ Õ-âèïðîìiíþâàííÿì çðîñòà¹ äî 16 ðàçiâ ïîðiâíÿíî
ç iíòåíñèâíiñòþ ïîëiñòèðîëüíîãî ñöèíòèëÿòîðà áåç íàíî÷àñòèíîê. Çi çáiëüøåííÿì ðîçìiðó íàíî÷à-
ñòèíîê LaF3 âiä 5 íì äî 47 íì çà íåçìiííî¨ ¨õ êîíöåíòðàöi¨ (40 âàã.%) iíòåíñèâíiñòü ëþìiíåñöåíöi¨
ïîëiñòèðîëüíîãî íàíîêîìïîçèòó íåçíà÷íî çìåíøó¹òüñÿ. Êiíåòèêà çàãàñàííÿ ïîëiñòèðîëüíèõ êîì-
ïîçèòiâ ñòàíîâèòü ïðèáëèçíî 3 íñ, ùî âiäïîâiäà¹ êiíåòèöi çàãàñàííÿ ñöèíòèëÿöiéíîãî ïîëiñòèðîëó
(∼ 3 íñ). Âèêîðèñòàííÿ íåëþìiíåñöåíòíèõ íàíî÷àñòèíîê LaF3 âèêëþ÷à¹ ðàäiàöiéíèé ìåõàíiçì ïåðå-
íåñåííÿ åíåð i¨ âiä íàíî÷àñòèíîê äî ïîëiñòèðîëüíî¨ ìàòðèöi. Òîìó îñíîâíèì ìåõàíiçìîì âèíèêíåííÿ
ñöèíòèëÿöié ó ïîëiñòèðîëüíîìó íàíîêîìïîçèòi ç óêðàïëåíèìè íåëþìiíåñöåíòíèìè íàíî÷àñòèíêàìè
LaF3 ¹ åëåêòðîííèé ìåõàíiçì. Ó öüîìó ðàçi åëåêòðîíè, ùî âèëiòàþòü iç íàíî÷àñòèíêè âíàñëiäîê çîâ-
íiøíüîãî ôîòîåôåêòó, çáóäæóþòü ñöèíòèëÿöi¨ â ïîëiñòèðîëüíié ìàòðèöi. Íàéáiëüøà åôåêòèâíiñòü
ïåðåíåñåííÿ åíåð i¨ äîñÿãà¹òüñÿ òîäi, êîëè äîâæèíà âiëüíîãî ïðîáiãó åëåêòðîíà áiëüøà çà ðîçìiðè
íàíî÷àñòèíêè àáî ñóìiðíà ç íåþ. Çà òàêî¨ óìîâè ôîòîåëåêòðîíè,  åíåðîâàíi â íàíî÷àñòèíöi ïiä äi¹þ
éîíiçóâàëüíîãî âèïðîìiíþâàííÿ, ìàþòü íàéáiëüøó éìîâiðíiñòü âèõîäó çà ¨¨ ìåæi.

Êëþ÷îâi ñëîâà: ñïåêòðè ëþìiíåñöåíöi¨, ñïåêòðè çáóäæåííÿ, äîâæèíà òåðìàëiçàöi¨, äîâæèíà
âiëüíîãî ïðîáiãó, íàíî÷àñòèíêà.
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