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Ce 0.1% doped LiF–SrF2 eutectic scintillators were produced by vertical Bridgman method at various 
solidification rates of 1, 5, 20, 80, 320, and 1280 mm/hr. The LiF contained 95% of 6Li. The SEM images 
of the samples solidified at 1–80 mm /hr demonstrated clear lamellar structures. The a-ray induced radio- 
luminescence spectra of the scintillators had intense emission peak at 310 and 330 nm due to the emis- 
sion from Ce 3+ 5d–4f transition of Ce:SrF 2 layers. When the samples were irradiate d with 252Cf neutrons, 
they exhib ited almost the same light yields of 4500–5500 ph/n and typical decay times of 120–160 ns. 
The optimal layer thickn ess of LiF–SrF2 was determined to be 0.9 lm.

� 2013 Elsevier B.V. All rights reserved. 
1. Introduction 

Scintillation detectors, which convert energy of a single photon 
(X- and c-ray) or other high-energy particles into hundreds of vis- 
ible–ultraviolet photons, have been playing a major role in many 
fields of radiation detection, including medical imaging [1], secu- 
rity [2], astrophysics [3], particle physics [4] and well logging [5].
Compared with semiconduc tor based radiation detectors [6,7],
they are easy to handle, and they have greater detection efficiency.
Regarding these applications , scintillators for thermal neutron 
detection have recently attracted much attention because of deficit
of 3He gas [8,9]. Up to now, most of the thermal neutron detectors 
were gas proportional counters filled with 3He gas, because 3He
has high thermal neutron cross section and low background c-
ray sensitivit y [10]. However, current demand for 3He gas highly 
exceeds its supply because tritium is no longer generated in nucle- 
ar experiments except nuclear reactors during weapon production. 
The natural abundance of 3He is approximately 10 �6 only, and it 
can be generated by the decay of tritium. The huge dispropor tion 
between the demand and the supply of the 3He gas highly moti- 
vates academia and industry to develop novel inorganic scintilla- 
tors suitable for the thermal neutron detectors to replace existing 
3He based systems. 
ll rights reserved. 

: +81 93 695 6049. 
nagida).
One of the candidat es for such applicati on is 6Li containing 
material, because 6Li has a high probability (940 barn at 25 meV)
of interaction with neutrons based on 6Li(n,a)3H reaction with high 
Q-value of 4.8 MeV. Recently, 6Li based scintillators, including Ce 3+

and Eu 2+ doped 6LiCaAlF6 were developed, and they demonstrat ed 
acceptab le scintillation responses under 252Cf neutron irradiation 
[11–18]. In addition to LiCaAlF 6 scintillators, 6Li-based eutectics 
are now considered as appropriate materials for radiation detec- 
tors. LiF-conta ining eutectics are examples of such materials, and 
LiF/CaF2 eutectic composite doped with Mn was first proposed for 
dosimeter applications [19]. It was recently studied as a neutron 
scintillat or when doped with Eu 2+ [20]. Following these reports, 
evaluation of the neutron responses of 6LiF/CaF2:Eu [21] and
6LiF–SrF2:Eu [22] with different Eu concentratio ns was also per- 
formed. In the eutectic scintillat ors, the neutrons first interact with 
the 6LiF layer that is approximat ely 1–10 lm thick. After the nucle- 
ar reaction, the generated charged particles excite CaF 2 or SrF 2
(scintillatior) layers. Ideally, after all the energy is deposited by 
the CaF 2 or SrF 2 layers, this energy is converted to scintillation pho- 
tons. It is well known that Eu 2+ [23–27] or Ce 3+ [28–30] doped CaF 2
or SrF 2 exhibit excellent scintillation properties. Therefore, these 
substances are well suitable as scintillat or layers. The LiF–SrF2 sys-
tem is especially promising, because molar ratio at the eutectic 
compositi on is 81.5:18.5 [31] that results nearly identical volumet- 
ric fraction of 56:44. Thus, well-aligned lamellar structure can be 
easily produced, and this contributes to relatively homogeneous 
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energy depositio n from charged particles. Another advantag e of 
CaF2 and/or SrF 2 is their low density. This reduces sensitivity of 
the scintillat ors to background gamma-rays. In addition, high effi-
ciency of the neutron detection is realized due to high Li content 
in the LiF–CaF2/SrF2 eutectics. Therefore, compare d to conventional 
neutron scintillators, such as Li-glass (e.g., [32]), Eu:LiI (e.g., [33]),
and LiF–ZnS (e.g., [34]), the thermal neutron cross sections of the 
above eutectics is 50% higher than those of conventional materials 
with the same sample thickness (see Fig. 1 in [21]).

In the present report, the Ce 3+ 0.1% activated LiF–SrF2 eutectic
scintillators produced at different solidification rates are discussed. 
The main goal of this project was to evaluate the optimum thick- 
ness of the LiF and SrF 2 layers experimental ly because the output 
scintillation intensity is a function of the attenuati on of the 
charged particles in the LiF layer and deposited energy in the 
Ce:SrF2 (scintillator) layer. To our knowled ge, this is a first report 
about Ce 3+ doped eutectic scintillators. It is generally impossible 
to predict actual output of scintillation photons. Therefore, exper- 
imental examination s were necessary to determine the optimum 
layer thickness that depends on the solidification rate. For all the 
samples, scanning electron microscope (SEM) images, a-ray in- 
duced radiolumine scence, and 252Cf induced pulse height spectra 
were systematically studied to evaluate their physical performanc e
including light yield and decay time profiles.
2. Experimental 

2.1. Sample preparation 

High-purity (99.99%) fluoride powders of LiF, SrF 2, and CeF 3
(Stella Chemifa Corporation) were used as starting materials. The 
LiF and SrF 2 powders were mixed in 80:20 ratio that correspond 
to the eutectic composition. The CeF 3 was added in amount of 
0.1 mol% with respect to SrF 2. The 6Li-enriched (95%) LiF was used 
to achieve high neutron detection efficiency. The mixtures were 
placed into graphite crucibles, and the Bridgman method was used 
to produce LiF–SrF2:Ce eutectics with ordered lamellar structure. 
In the unidirectional solidification processes such as Bridgman, 
Czochralski, or micro-pulling- down method, LiF and SrF 2 phases
deposit from the melt on their own forming solid phases. Thus, 
each phase grows along the solidification direction. As a result, 
the as-produced solids often demonstrat e geometrical ly ordered 
structure.

For the eutectics growth, the preheating treatment of the start- 
ing materials was performed under vacuum to eliminate water and 
oxygen traces. Subsequentl y, high-puri ty Ar gas was introduce d
into the growth chamber. Subsequentl y, the mixture of the starting 
materials was melted at 1100 K. Thereafter, the unidirecti onal 
solidification process was started, and it was controlled by speed 
of displacemen t of the crucible in downward direction to the bot- 
tom part of the chamber where the temperature was maintained to 
be below the melting point of the eutectic, 1044 K [31]. The as-pro- 
duced bulk eutectic ingots were cut into wafers perpendi cular to 
the solidification direction and optically polished to be suitable 
for inspection of their scintillat ing performanc e. In order to evalu- 
ate typical thickness of the LiF and Ce:SrF 2 layers, SEM back scat- 
tered electron (BSE) images were taken. 
2.2. Characterizati on methods 

In practice, the scintillators are excited by the neutron irradia- 
tion with charged particles produced from the 6Li(n,a)3H nuclear 
reaction. To simulate this process in laborator y conditions, the 
241Am 5.5 MeV a-ray induced radioluminesce nce spectra were re- 
corded using JASCO FP8600 fluorescence spectrometer at room 
temperat ure. The main purpose of the radiolumine scence mea- 
suremen ts was to detect emission waveleng th under a-ray excita- 
tion. This was necessary to select adequate photodetect or for the 
pulse height examina tion. Because the emission intensity of this 
kind of integrated type measure ment is not a quantitative value, 
we cannot discuss the light yield of scintillators by radiolum ines- 
cence intensities except the comparison of samples with the same 
size and similar chemical composition (similar stopping power)
under the same geometry. The detailed description and geometry 
of the a-ray induced radiolumine scence measurements was re- 
ported previously [35].

In the pulse height measurements , the eutectic samples were 
wrapped with several layers of Teflon tape to collect scintillat ion 
photons. The samples were then coupled to an ultra bialkali photo- 
multiplier tube (PMT) R7600-20 0 (Hamamatsu) with optical grease 
(OKEN 6262A). The high voltage of �700 V was supplied (ORTEC
556), and the signals were read out from the anode of the PMT. 
The neutron source of 252Cf was enclosed in a polyethylene con- 
tainer of 43 mm thickness for thermalizat ion of fast neutrons. In 
order to cut the background c-rays, the samples were surrounded 
by 5 cm thick Pb blocks. Once a neutron from the 252Cf was de- 
tected, the signals were fed into the pre-amplifier (ORTEC 113)
and then to the shaping amplifier (ORTEC 572) with 2 ls shaping 
time. After converting to digital signals by a multi channel analyzer 
(Amptek, Pocket MCA 8000A), they were recorded to a computer .
To evaluate the absolute light yield, Li glass scintillator GS20 
(6000 ph/n [36]) was used as a standard. The quantum efficiencies
at 330 nm (emission waveleng th of Ce:LiF–SrF2) and 395 nm 
(emission waveleng th of Li–glass) were almost the same (�40%).
By using the same setup, the samples were irradiated using 137Cs
and 57Co sources to grasp c-ray induced light yield. At the same 
time, decay time profiles were recorded by WE7311 digital oscillo- 
scope (Yokogawa). The obtained decay time profiles were averaged 
over 100 times. 

3. Results and discussion s

3.1. SEM analysis 

The cut and polished Ce doped LiF–SrF2 eutectic specimens had 
typical dimensions of £12 mm � 1 mm. Fig. 1 illustrates view of 
the specimens ready for the characterizations . The samples pro- 
duced at greater solidification rates were not sufficiently transpar- 
ent due to low uniformity of the lamellar structure. To observe 
details of the lamellar structure , the microscopic images were ta- 
ken using SEM. Fig. 2 demonstrates such images made for the sam- 
ples produced at different solidification rates. Bright fractions of 
the images represent substances containing heavier elements. This 
way, the black and gray colored phases correspond to the LiF and 
SrF2, respectively .

It is expected that Ce 3+ was mostly incorporate d into SrF 2 struc-
ture (phase) because the ionic radius of Ce 3+ (1.14 Å) is closer to 
that of Sr 2+ ion (1.26 Å) when compared to that of Li + (0.92 Å).
Moreove r, the charge of the Ce 3+ guest (dopant) ion is +3 that is 
closer to that of Sr 2+ host ion (+2) when compared to that of Li +

(+1). Thus, integrati on of the Ce 3+ into the SrF 2 structure creates 
less stresses and fewer structural defects (vacancies and/or inter- 
stitials) when compared with integration of the Ce 3+ into the LiF. 
Both these factors make incorporation of the Ce 3+ into the SrF 2
preferable.

LiF and Ce:SrF 2 phases were clearly separated in the all SEM 
images. No impurity phases, such as agglomerati ons of CeF 3, were 
detected in the images. The solids produced at solidification rates 
of 1–80 mm/hr had well ordered lamellar structures. However, 
those produced at 320–1280 mm/hr were not uniform with con- 
siderable amount of grains present. Fig. 3 illustrates the relation 



Fig. 1. View of Ce 0.1% doped LiF–SrF2 eutectic scintillators produced at different solidification rates. 

Fig. 2. SEM images of eutectic scintillators produced at different solidification rates. 
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between the solidification rate and the layer thickness. As it was 
expected, the layer thickness decrease s monotonica lly with in- 
crease of the solidification rate. Typical thicknesses of the LiF–
SrF2 layers were 5, 2, 1.5, and 0.9 lm for the eutectics solidified
at 1, 5, 20, and 80 mm/hr rates, respectively .

3.2. Scintillation properties of Ce-doped LiF–SrF2 eutectic

Radiolumin escence spectra are demonstrated in Fig. 4. Broad 
and intense emission peaks were detected at 310 and 330 nm 
wavelengths as a result of Ce 3+ 5d–4f transitions. In all the samples, 
broad emission peak was observed at 270 nm. This peak could be 
attributed to the self-trapped exciton (STE) luminescen ce, which 
was reported for pure SrF 2 scintillator [37,38]. A broad peak discov- 
ered at 370 nm for the thinner layered sample (1 mm/hr) is also 
typical for the STE emission because the same peak was detected 
for pure SrF 2 examine d under X-ray excitation [36]. As for the 
radiolum inescence measurements , the 1.5 lm layered sample 
demonst rated the highest emission intensity. Thus, it was con- 
firmed that the LiF-SrF 2:Ce eutectic solids act as a scintillator ex- 
cited by charged particles. 

Fig. 5a illustrates pulse height spectra of the LiF–SrF2:Ce eutectic 
scintillat ors recorded under 252Cf neutron irradiation and compared 
with that of conventional neutron scintillator, Li-glass GS20 [32].
The thermal neutron peaks were clearly detected in all the samples. 
The quantum efficiencies at emission peaks of Li–glass and Ce:LiF–
SrF2 were similar (approximately 40%), and it was possible to com- 
pare their light yield directly based on 252Cf neutron peak positions. 
Among the discussed eutectic samples with different layer thick- 
nesses, 0.9 lm layered one demonstrat ed the highest light yield 
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of 5500 ± 500 ph/n. Then, Fig. 5b compares 137Cs and 122Co c-ray in- 
duced pulse height spectra of the 80 mm/hr sample with that of in- 
duced by neutrons. Based on the Compton- edge (480 keV) of 137Cs
at �150 ch and photoabsorp tion peak (122 keV) of 57Co, the c-ray
induced light yield resulted 2600–2800 ph/MeV. Thus, ab ratio of 
this material was evaluated to be approximately 0.4. 

Fig. 6 presents neutron induced light yields as a function of the 
solidification rate. Thus, the most favorable solidification rate 
(layer thickness) from the point of view of scintillation light yield 
was well determined in the materials reported here. As the layers 
became thinner, the light yield increased because the energy loss 
of the charged particles in the LiF layer decreased. The observed 
light yield was similar to that of Eu:LiF–SrF2 system [22] but lower 
than that of Ce:SrF 2 [37] possibly due to opacity of the eutectic 
samples. Low light yield of the samples produced at 320 and 
1280 mm/hr solidification rates is attributed to the non-uniform ity 
of the lamellar structures and Ce concentratio n discussed later. 

Fig. 7 shows the decay lifetime profile of the sample produced 
at 80 mm/hr rate. In all eutectics, decay lifetime profiles were well 
reproduced by the double exponential function. The main decay 
lifetime components of this 80 mm/hr sample were 137 ns and 
732 ns. The decay time constants of the LiF–SrF2:Ce eutectic scin- 
tillators are plotted as a function of the solidification rate in 
Fig. 8. The faster component was around 120–160 ns, and the 
slower component was 600–900 ns. The former one was similar 
to that of Ce doped SrF 2 [36], and its origin was attributed to 
Ce3+ 5d–4f emission . As compared with the previous results re- 
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ported in [37], the decay times observed here were slightly shorter 
(faster decay), and the difference is possibly result of presence of 
Cd2+-additive (the main purpose was an oxygen scavenge r) re- 
ported in [37]. The slower component was originated from the 
self-trapped exciton luminescen ce of SrF 2 itself because similar va- 
lue (1 ls) was reported for pure SrF 2 [38]. The Ce 3+ emission was 
faster when the solidification rate increased. 
4. Conclusion s

Ce3+ 0.1% activated LiF–SrF2 eutectic scintillat ors were success- 
fully grown by the vertical Bridgman method at various solidifica-
tion rates to examine scintillation responses of these materials. It 
was confirmed that the LiF and SrF 2 layer thicknesses were depen- 
dant on the solidification rate. In 241Am a-ray induced radiolumi- 
nescence spectra, they demonst rated Ce 3+ 5d–4f emission at 310 
and 330 nm wavelengths . Among these samples, that produced 
at solidification rate of 80 mm/hr (layer thickness of 0.9 lm) had 
the highest light yield with a primary decay lifetime of 137 ns 
when characteri zed under 252Cf neutron exposure. 
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