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The scintillation properties of Pr:CaF, were studied in comparison with those of Eu:CaF,
under a-ray excitation using a sealed source of 2! Am. The relative light yields of the Pr:CaF,
crystals were approximately 0.6—13% of the Eu:CaF, crystal that is known as a conventional
scintillator for charged-particle detection. The scintillation decay times of the Pr:CaF; crystals
were significantly faster than that of the Eu:CaF, crystal. Therefore, the Pr:CaF; crystals can
be used for charged-particle measurements with high count rates.

1. Introduction

Some phosphors can be used for measurements of ionizing radiation such as X-rays,
y-rays, neutrons, and charged particles. Such phosphors convert ionizing radiation to visible
light and are coupled with a conventional photodetector. Inorganic phosphors for radiation
measurements can be classified as either scintillators" or storage phosphors. Storage phosphors
36 and radio-

photoluminescence’ V] are used to record information on radiation dose whereas scintillators
(12,13)

[also known as thermoluminescence,® optically stimulated luminescence,
immediately convert ionizing radiation to visible light. Among these materials,
scintillators are particularly suitable for online measurements.

The required characteristics of the scintillator are a high light yield, a fast decay time, and a
high discrimination capability. The light yield affects the energy resolution of the scintillation
detector, and it is required by some applications. The fast decay time is required because
it allows fast responses of scintillation detectors. To discriminate ionizing radiations, the
effective atomic number (Z.p) of the scintillator is important. Scintillators for y-ray detection
are required to consist of heavy elements that efficiently interact with y-rays. In contrast,
scintillators for thermal neutron and charged-particle detection are required to consist of light
elements in order to decrease the rate of erroneous detection due to the interaction with y-rays.
Additionally, thermal neutron scintillators have to contain elements with high cross sections
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for the (n, @) and (n, y) nuclear reactions (e.g., SLi or '°B). For charged-particle detection, the
most common materials are Ag:ZnS and Eu:CaF, that contain relatively insensitive elements
for both y-rays and thermal neutrons. The conventional scintillators for y-ray and thermal
neutron detection were reviewed by van Eijk,(lz) who comprehensively covered, for example,
TI:Nal, TI:Csl, BigGe3012, Ce:Gd,SiOs, and Ce:Lu,SiOs as y-ray scintillators, and LiF/Ag:ZnS,
Eu:Lil, and GS20 (Ce-doped lithium silicate glass) as thermal neutron scintillators. The y-ray
scintillators have high marketability owing to their medical and security applications; therefore,
many materials were developed. The Ce:LaBr3(14) and SrIz(IS) scintillators, which show
extremely high light yields, are recent attractive materials because the energy resolution of the
y-ray detector is important for its applications. In the case of the thermal neutron scintillator,
one of the most common materials is the GS20 glass owing to its non-hygroscopicity and
acceptable light yield (~6000 photons/neutron). In addition, some new products are available,
for example, the Ce:Cs;LiYCly single crystal!® that is hygroscopic but shows high light
yield and excellent discrimination capability. Another example is the Eu:LiCaAlFg single
crystal, 172D which shows non-hygroscopicity and higher light yield (typically ~20000 photons/
neutron) than GS20. As mentioned above, whereas many y-ray and thermal neutron scintillators
have been developed, relatively few studies were performed for charged-particle scintillators,
and thus we are interested in the further study of charged-particle scintillators.
Transition-metal-ion-doped CaF, crystals are used for the charged-particle scintillators and
thermoluminescent materials for radiation dosimetry. Among them, Eu:CaF; is well known as
a commercial scintillator for charged-particle detection. In the a-ray or f-ray measurements (e.g.,
for dust monitor), erroneous signals by background y-rays must be suppressed, and in that sense,
CaF; is attractive as a host crystal. The advantage of the Eu:CaF; crystal is its high light yield,
but on the other hand, the disadvantage is its slow decay time. The o/f ratio of the scintillator is
also important for charged particle detection. Fluoride materials tend to show a lower o/f ratio
than other inorganic materials.!® Therefore, the Eu:CaF, crystal is more suitable for f-ray
detection than a-ray detection. Other transition-metal-ion-doped CaF, scintillators have not
been studied extensively for a-ray detection, although many dopants (for example, Tm:CaF,,
Dy:CaF,, and Mn:CakF») are studied for radiation dosimetry. The X-ray-induced luminescence
and photoluminescence properties of other transition-metal-ion-doped CaF, have been studied,
and it is known that excited Ce3+, P * and Nd*" ions can emit fast luminescence with the 5d—4f
transition.?>*  The vacuum ultraviolet (VUV) luminescence of Nd** is the fastest among
these ions, but typical photodetectors cannot detect VUV light. Luminescence with the 5d—4f
transition of Pr’* ions is faster than that with the 5d—4f transition of Ce** ions and acceptable
wavelength. In this study, we have investigated the a-ray response of Pr:CaF, crystals.

2. Materials and Methods

The Pr:CaF, and Eu:CaF, crystals were prepared by the following method. Starting
materials were prepared from a stoichiometric mixture of CaF, and EuFs; or PrF3 powders
(purity < 99.9%) produced by Stella Chemifa Corporation. They were mixed and put into
graphite crucibles. The crucibles set in the stainless used steel (SUS) chamber are enclosed by



Sensors and Materials, Vol. 30, No. 7 (2018) 1587

a carbon heater. The chamber was evacuated up to 107% Pa. After baking, the chamber was
filled with high-purity Ar gas (99.99%) and CF4 gas (99.99%) until ambient pressure. Then, the
crucible was heated up to 1450 °C and kept at this temperature for 30 min and cooled to room
temperature. The obtained crystals were cut and polished.

We measured the X-ray-induced emission spectra and transmittance spectra using a
spectrometer equipped with a nitrogen-purged sample chamber, a deuterium lamp as a light
source, and an X-ray tube as an X-ray source. We also evaluated scintillation decay curves
and pulse height spectra under a-ray excitation from a sealed source of **'Am by using a
photomultiplier tube (PMT; Hamamatsu, R7600U-200) that is sensitive across the UV and
visible wavelength range. Scintillation decay curves were obtained using an oscilloscope
(Tektronix, TDS3052C). The obtained decay curves were fitted by

1(t) = Ap + Ay exp(—t/t)) + Ay exp(—t/ty), ()

where [(f) is the luminescence intensity as a function of time ¢, 7; and 7, are the scintillation
decay times, and Ay, 41, and 4, are constants.

Output signals from the PMT were analyzed using a preamplifier (ORTEC, 113 Scintillation
Preamplifier), a shaping amplifier (ORTEC, 672 Spectroscopy Amplifier), and a multichannel
analyzer (Amptek, MCA8000A) for the pulse height spectra.

3. Results and Discussion

Figure 1 shows aspects of the cut and polished Pr:CaF; crystals. All crystal pieces contain
no visible cracks and opaque phases. Figure 2 shows the transmittance spectra of the samples.
The transmittances at the wavelength of 230-370 nm were more than 80%. Two absorption
bands are observed. These bands can be ascribed to the 4f — 5d transition of Pr’*. 29

Figure 3 shows the X-ray-induced spectra of the Pr:CaF; and Eu:CaF, crystals. Emission
peaks with the 5d—4f transition of Pr’* or Eu®" ions are observed, and broad peaks are also
observed at around 280 nm when the dopant concentrations are low. These broad peaks
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Fig. 1. (Color online) Cut and polished Pr:CaF, Fig. 2. (Color online) Transmittance spectra of
crystals. Pr:CaF; crystals.
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Fig. 3. (Color online) Scintillation spectra of (a) Eu:CaF, and (b) Pr:CaF, crystals under a-ray irradiation.

indicate the intrinsic luminescence of CaF; originating from the self-trapped exciton (STE),
and these STE emissions are quenched as the Pr’" concentration increased. The emission
wavelength of Pr’* ions is overlapped with that of the STE emission of CaF,. The overlapping
emission is clearly observed in the case that the Pr’" concentrations are 0.1 and 1%. Emission
peaks with the 4f-4f transition of Pr’*ions are also observed from the X-ray-induced spectra of
the Pr:CaF; samples in the wavelength range between 450 and 550 nm. The intensities of these
emission peaks are decreased with decreasing Pr’" concentration, and it can be explained by the
concentration quenching.

Figure 4 shows the scintillation decay curves of the Pr:CaF, and Eu:CaF, crystals under
o-ray excitation from the sealed source of > Am. These decay curves can be fitted by the sum
of two exponentials and a constant. The obtained scintillation decay times of the Pr:CaF, and
Eu:CaF; crystals are shown in Table 1. The scintillation decay curves of the Pr:CaF, crystals
contain both fast and slow components because these are mixed luminescences that originated
from the faster 5d—4f transition of Pr’* ions and the slower 4f-4f transition of Pr’* ions or
the STE of CaF,. The scintillation decay times of the 5, 10, and 20% Pr:CaF, crystals are
significantly shorter than that of the Eu:CaF, crystal.

Figure 5 shows pulse height spectra of the Pr:CaF, crystals under a-ray excitation. Full-
energy deposited peaks were obtained by all the samples. Their pulse heights decreased with
increasing Pr’* concentration. Figure 6 shows the relative light yields of the Pr:CaF, crystals
calculated from the peak channel numbers of the pulse height spectra of the Pr:CaF; and
Eu:CaF, under o-ray excitation. Here, we defined the relative light yield of Eu:CaF, as 1. As
a result, the relative light yields of the Pr:CaF, crystals were around 0.6—13% of that of the
Eu:CaF, crystal. Pr:CaF, samples with higher dopant concentration show lower light yields
because of the concentration quenching of luminescence with the 5d—4f transitions of Pr** jons.

In summary, the scintillation decay times of the 5, 10, and 20% Pr:CaF, crystals were
significantly faster than that of the Eu:CaF, crystal. From pulse height spectra under a-ray
excitation, full-energy deposited peaks were obtained by all the Pr:CaF; crystals. Therefore,
the Pr:CaF, crystals can be used for charged-particle measurements with high count rates.
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Fig. 4. Scintillation decay curves of Eu:CaF; and Pr:CaF; crystals under a-ray irradiation.

Table 1
Scintillation decay times of Eu:CaF, and Pr:CaF; crystals under a-ray irradiation.

Scintillation decay times (ns)

71 7
0.1% Eu:CaF, 140.0 391.2
0.1% Pr:CaF, 36.9 536.8
1% Pr:CaF; 30.9 455.2
5% Pr:CaF, 14.8 284.7
10% Pr:CaF, 6.2 158.2
20% Pr:CaF, 7.5 138.2
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Fig. 5. (Color online) Pulse height spectra of Fig. 6. (Color online) Dopant concentration
Pr:CaF; crystals under a-ray irradiation. dependence of relative light yields (Eu:CaF, = 1) of

Pr:CaF; crystals under o-ray irradiation.

4. Conclusions

We have successfully obtained transparent and noncracked crystals of Pr:CaF,. The
transmittances of the Pr:CaF; crystals were more than 80% at the wavelength of 230-370 nm.
The Pr*" concentration dependence of X-ray-induced luminescence was investigated. We have
confirmed that the STE emission of CaF, was quenched with increasing Pr** concentration.
The scintillation decay times of the 5, 10, and 20% Pr:CaF, crystals were shorter than that of
Eu:CaF,. The scintillation decay times of high-Pr**-concentration samples were shorter than
those of the other samples. The pulse height spectra of the Pr:CaF, crystals were measured and
full-energy deposited peaks were obtained. The relative light yields of the Pr:CaF, crystals
were around 0.6—13% of the Eu:CaF, crystal.
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