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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 LaCls 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 efficiency of the ionizing radiation detection for a polystyrene composite with loaded
non-luminescence LaF3 nanoparticles increases by an order of magnitude compared to the effici-
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 photoeffect under the influence of ionizing radiation.

Key words: luminescence of nanoparticles, polystyrene nanocomposite, loaded LaF3 nanoparti-

)

cles, spectral and kinetic properties.

DOT: https://doi.org/10.30970 /ips.24.4709

I. INTRODUCTION

The growing need for radiation control over the
movement of goods and monitoring the radiati-
on background on large areas requires a significant
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 influence 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 effective atomic
number Zeff 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 fi-
ller, show a significant increase in the efficiency 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 efficiency 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 [ is less than the si-
ze of nanoparticles a (I < a), is ensured by radiative
or resonance mechanisms of energy transfer from the
nanoparticles to the polystyrene matrix [4-9]. In this
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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
(I > 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 effici-
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(NOj)s i
NH,F starting materials in water or water-ethyl-alcohol
solution by the ion substitution reaction:
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La(N03)3 + 3NH4F — LaF3 +3NH4 NOs.

To avoid concentration gradients, water-alcohol soluti-
on of ammonium fluoride NH4F was added drop-by-drop
in regular intervals to the lanthanum nitrate solution
La(N03)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. Identification of phase composition and
evaluation of the size of LaF3; nanoparticles

To study the structure and phase composition of LaFs,
methods of X-ray phase analysis were used. X-ray di-
agrams were measured on a DRON-4 diffractometer with
a nickel filter and a copper anticathode (CuK, radiati-
on, A = 1.5406 A) in the range of angles 10° < 20 < 80°
with a scanning step of 0.05°.

According to the width of the diffraction maxima using
to Scherer’s formula, the average size of nanoparticles
was found.

Figures 1 and 2 show the diffraction patterns of the
synthesized LaF3 particles. In Figs. 1 and 2, the di-
ffraction patterns of LaF3 nanoparticles obtained by the
ionic substitution reaction with and without the additi-
on of alcohol are shown, respectively. The diffractograms
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 films

Composite films 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 CoH4Cly 4+ CCly (dichloroethane
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+ 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 films, the suspension was applied drop-by-
drop to a glass slide and held for 24 hours until the
solvent completely evaporated.

120

Cu Ko a=25nm
a)

AM T

40+
0 I J\ L
a =47 nm
160 - b)

Intensity, a.u.

120 |-

80 -

42- . M . .M.“. i

10 20 30 40 50 60 70
20, degree.

Fig. 1. Diffractograms 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)
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Fig. 2. Diffractograms 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 film 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 film 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 diffraction
monochromator with 20 nm/mm dispersion and pulsed
X-ray source. The installation allows conducting lumi-
nescence and kinetic measurements in the 107°-107% 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 pA, 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 effective atomic number
of Z.# =~ 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 confirmed 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 film without
activators; 2 — LaF3 nanoparticles with the average size of
25 nm under X-ray excitation

Figure 4 shows the luminescence of the polystyrene fi-
Ilm scintillator (PSL) 0.3 mm thick without nanoparticles
(curve 2) and with loaded different-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 film 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 film 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 films 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 LaFs nanoparticles under X-ray excitation is
much higher than the intensity of a polystyrene scinti-
llator without nanoparticles. With an increase in LaF;
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 film without acti-
vators (PS) (curve 1); a scintillation polystyrene film without
nanoparticles (PSL) (curve 2); a scintillation polystyrene fi-
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 film 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 LaFsj
nanoparticles. Under such conditions, the luminescence
intensity of the composite film 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.
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Fig. 5. Curves of X-ray luminescence decay kinetics: 1 —

a scintillation polystyrene film (PSL) without nanoparti-

cles (curve 1); film composites containing different-size LaFs

nanoparticles (40 wt.%): curve 2 — 25 nm; curve 3 — 47 nm.
The thickness of the films 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 film 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 flew from outside the nanoparticle into
the polystyrene matrix.

IV. CONCLUSIONS

Thin-film 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 different-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 different-size LaFs
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 influence
of ionizing radiation by the photoeffect mechanism, whi-
ch escaped from them to the polystyrene environment
and excite the polystyrene matrix.
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ITIOJIICTUPOJIBHI KOMIIO3UTN 3 YKPAIIJIEHVMU HAHOYACTUHKAMMJ LaF;
OJId PECCTPAIILL MOHI3YBAJIbHOI'O BUIIPOMIHIOBAHHSI

M. Hennebepal, A. Kumkopuu', T. Mamuit', JI. Temkis!, H. Tnockoseska', T. Jemkis!, B. Bicrosepkumii', O. Dexrin?,

A. Bosomunoscpkuii’
L Tvsiecoruts nayionasvrul yrieepcumem imeni Isana Ppanxa,
eya. Kupuaa i Megodia, 8, 79005 JIveis, Yxpaina,

2 Inemumym cyurmuaauitinue mamepianis, npocn. Hayxu, 60, Xapris, 61072, Yrpaina

Po3pobiiero mriBKOBI MOJiMEpHI CIMHTUIATOPY HA OCHOBI CIIMHTUJIATIITHOTO TOJIICTHPOILY 3 aKTUBATO-
pamu n-repdeniiom Ta POPOP i Bkpamiennvmu nanouacruakavmu LaF3 st peecrparil #ioHi3yBaabHOrO
BUIIPOMIHIOBAHHA 3 HAHOCEKYH/HOIO wmBuaKoaico. Hanouacrunku LaF3 orpumano meromom ocaixeHHs
3a peaKIlielo WOHHOTO 3aMilleHHsd 3 BOJHO- Ta, BOIHO-ctupToBOro po3umHiB LaF3 i3 mogaBammam poszumay
NHyF. Cepenniii po3smip nHanogactuaok LaF3 3 BOIHO-COMPTOBOTO pO3YMHY CTAHOBUB 5 HM, 3 BOIHOTO
po3uuny — 29 um. 36ibinyBasu po3mip HanodacTuHOK LaFg rigporepmasibauM BifmaaoM B aBTOKJIABI 3a
temneparypu 200°C nporsrom 12—-24 romus.

JlocmiaKeHo CeKTpaabHO-KIHETUYIHI BJIACTUBOCTI MOIMEPHUX HAHOKOMIIO3UTIB i3 YKPAIIEHUMHU Ha-
mouactuakamu LaF3 piznoro po3mipy y pasi 30ymkenus X-mpomensmu. CekTpy JTIOMIHECHEHIIT moJTi-
CTUPOJIbHUX KOMITIO3UTIB i3 ykpaiienumu nanodacruakamu LaF; BusBagioTs A8l cMyru BUIPOMiHIOBAHHS
3 makcumymamu 33 350 i 420 HM, gKi BiAMOBIJAIOTH CBIYEHHIO AKTUBATOPA MOJIICTUPOIY n-TepdeHiay Ta
smintyBada cruekrpa POPOP, Binmosinmo. IaTeHcHBHICTD JIOMIHECIIEHITT TOTICTUPOIBHUX KOMIIO3UTIB i3
ykpamteanvmu nanodactuakamu LaFs 3a 36ymxennsa X-sunpomMinoBanasaM 3poctae 10 16 pas3is mopiBasHO
3 iHTEeHCHUBHICTIO MOJIICTUPOJIBHOIO CIUHTUISATOPA 0e3 HAHOYACTHHOK. 3i 301/IbIIEHHIM PO3Mipy HAHOYA-
crunok LaF3 Bix 5 um 10 47 uM 3a meaminnol ix kounentparii (40 Bar.%) IHT€HCUBHICTD JTIOMiHECIGHTIIT
TIOJIICTUPOTLHOTO HAHOKOMTIO3UTY HE3HAYHO 3MeHITyeThed. KimeTwka 3aracaHds MOJICTHPOJBHUX KOM-
MO3UTIB CTAHOBUTDH MPUOIU3HO 3 HC, IO BiAMOBIIA€ KIHETHIN 3aracaHHs CITHTHIAINNHOTO MOJTiCTHPOTY
(~ 3 uc). Bukopucranns nesnominecuenTHux Hanoyactunok LaF s Bukiouae pajianiiinuii mexanizm nepe-
HECEeHHS eHeprii BiJT HAHOYACTUHOK JI0 TIOJIICTUPOIBHOI MATPpUIl. TOMY OCHOBHUM MeXaHi3MOM BUHUKHEHHS
CIUHTUJIATIN Y TTOJTICTUPOIHHOMY HAaHOKOMITO3UTI 3 YKPATJIEHUMH HEJTIOMiHECTIEHTHUMY HAHOYACTHHKAMU
LaF3 € enekrponnunii Mmexauizm. ¥ 1[bOMY pa3i eJIeKTPOHH, 0 BIJITAOTH i3 HAHOYACTUHKU BHACIIIOK 30B-
HIMHBOTO oroedeKTy, 30yIKYIOTh CIUHTUIAII B HogicTupoabhiit marpurni. Haitbiipma edekruBaicTnb
TEPEHECEHHsT eHEPTril JOCATAETHCS TO/I, KOJM JIOBXKWHA, BIIBHOTO MPODITy eJIeKTPOHa, OLIbIa 38 pO3MipHu
HAHOYACTUHKHU a00 cyMipHA 3 He[0. 3a Takoi yMOBU (DOTOEJIEKTPOHY, T€HEPOBAHI B HAHOYACTHHIIL i JI€I0
HMOHI3yBaTBHOTO BUIIPOMIHIOBAHHS, MAIOTh HAHOLIBITY IMOBIpHICTD BUXOIY 3a i1 Mexi.

Kurro4oBi ciioBa: CliekTpu JIFOMIHECHEHLHT, CleKTpu 30Y/2KEHHs!, JOBXKUHA TepMaJ/i3alil, JOBKUHA,
BIJIBHOTO MPOOITy, HAHOYACTUHKA.
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