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Imaging of Radiation Accidents
and Radioactive Contamination
Using Scintillators

Tomoya Ogawa et al.”
Laboratory of Crystal Physics and Technology

Japan

1. Introduction

An accident in a nuclear power plant, which can be caused by an unpredictable event such
as an explosion, fire, and earthquake, has severe and far-reaching consequences. Therefore,
it is crucial to carefully and constantly monitor the plant and precisely detect any radiation
source. Radiation contamination in laboratories and in the environment due to nuclear
fallout is among the issues that require an immediate solution. Radiation detection has
become increasingly important because of the increasing number of nuclear power plants
that have been established to replace conventional power plants, as part of the effort to
suppress carbon dioxide emission. For these purposes, this chapter will discuss the principle
and method of mapping flying radiations. Visual mapping of intensity and direction of
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incident radiations is necessary to detect any radiation accident and/or invisible radiation
contamination. Discussion will focus on directional detection of radiation sources, being the
minimum requirement for identifying and characterizing unpredictable accidents and
contamination.

Specifically, this chapter will discuss two-dimensional imaging of radiation accidents and
radioactive contamination. It will also detail the development of a “panchromatic” detector
that is suitable for use against radiation from different types of sources. This detector
combines several types of scintillating elements into a bundle, which is composed of well-
designed and regularly arranged scintillation fiber-segments or thin cylinders to detect and
display the radiation sources as a map, using the directional sensitivity of the segments or
cylinders for locating sources of incident radiation. In addition, this chapter will discuss the
numerical designs and the characteristics of two detector configurations. These are the
telescope configuration, wherein all the extended lines of the scintillator fiber segments or
thin cylinders composing the bundle are focused to a point; and the magnifier configuration,
wherein all the extended lines of the segments within the bundle are diverging from the
focus.

An integral part of the radiation detector is the scintillator. Scintillators are created and
developed to correctly detect and count incident radiations. In this regard, part of this
chapter will also be devoted to the discussion of the properties of scintillators that are ideal
for use in radiation detectors. In particular, the effect of scintillator shape and decay time
will be outlined, leading to the attributes of an ideal imaging scintillator. For instance, one of
the size effects is the directional sensitivity to incident radiations. This can be realized by
using a thin cylinder-type or a fiber segment-type scintillator. The output signals from the
thin cylinder are proportional to the number of radiations that passed through it, if its
length is good enough to absorb the incident radiations.

To complete the chapter, the performance of various scintillators will be discussed. Among
the scintillators that will be discussed is the praseodymium-doped Ilithium glass
(APLF80+3Pr), cerium-doped lutetium lithium fluoride (Ce3*:LuLiFs), zinc oxide (ZnO), and
neodymium-doped lanthanum fluoride (Nd3*:LaF).

2. Scintillators

Scintillators are fluorescent materials that mediate the detection of high energy (ionizing)
electromagnetic or charged particle radiation. A scintillator absorbing high-energy radiation
fluoresces at a characteristic Stokes-shifted (longer) wavelength that can be detected by
conventional detectors like photodiodes or photomultiplier tubes. If the properties of the
scintillator are known, then the high-energy radiation that it absorbed can in turn be
characterized. Radiation detectors are typically useful for imaging by utilizing high-
penetration power radiation and for spectroscopy by utilizing characteristic radiation from
each atom. As part of a detection unit, the broad application of scintillators comprises
various scientific disciplines such as high-energy physics, nuclear physics, astronomy, and
mineral exploration. It has also found applications in product quality control, airport
security, nuclear safeguards verification, cargo container inspection, toxic dumpsite
monitor, and environmental monitoring. Moreover, Positron Emission Tomography (PET)
for medical imaging has gained popularity as a common clinical tool for detection of
tumors.

www.intechopen.com



Imaging of Radiation Accidentsand Radioactive Contamination Using Scintillators 185

2.1 Shape of scintillators

Scintillation is caused by collision between a high-energy radiation and an electron
belonging to a heavy dopant atom. This collision is considered as one of the ideal stochastic
processes. As such, a scintillation detector is usually prepared as a very large block to
correctly count incident radiations while excluding its size effects.

Fig. 1. A thin cylinder or fiber segment scintillator and its incident radiation acceptance
angle, where a is its diameter, L is its length, and ® is the divergence of its sensitivity against
incoming radiation.

One of the size effects is the directional sensitivity to incident radiations. This can be
realized by using a thin cylinder-type or a fiber segment-type scintillator. The output signals
from the thin cylinder are proportional to the number of radiations that passed through it if
its length is good enough to absorb the incident radiations. On the other hand, radiations
crossing obliquely through a segment may or may not generate scintillation even if every
radiation were moving along an identical line. This can, therefore, constitute random noise.
The signals arising from radiation passing directly through the scintillator can be separated
from the random noise generated by radiation crossing the scintillator obliquely through the
well-known noise reduction technique using multi-integration.

In most materials, the refractive index for high energy radiations is nearly equal to unity.
Therefore, the aperture, @, of the cylinder for which incident radiations is detected is

2tan-(a/L) (1)

where L and a are the cylinder length and diameter, respectively, as illustrated in Fig. 1.
Surface smoothness of the cylinder is very important since multiple scattering of the
scintillation light at its surface is detrimental to the imaging of output light signals.

2.2 The decay time of scintillation

Since scintillators are created and developed to correctly detect and count incident
radiations, a very short scintillation decay time is desirable for precise time-resolved
radiation measurement. Decay time of well-known scintillators is much less than one
microsecond. For the case of scintillators developed mainly for imaging, measurement is
limited by the refresh rate of the television or monitor. The refresh rate of monitors and
televisions is typically 30 frames per second. It is therefore acceptable that the decay time of
imaging scintillators is in the millisecond range. This decay time is longer than the
requirement for scintillators used in radiation counting. For this purpose, development of
brighter scintillators without regard to decay times would be of primary importance when
developing an imaging device.
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2.3 Scintillation crystals

A comparison of the performance of different scintillator materials is shown in Table 1 (Ishii
& Kobayashi, 1991, 2007). One of the best candidates for imaging will be thin scintillation
cylinders made from CslI:TI crystals. This material is ideal as an imaging scintillator because
among the materials in Table 1, it has the largest photoluminescence output per radiation
energy of 59,000 photons/MeV. It also has a relatively long decay time of 1 ps. Moreover, it
has a high melting point of 621°C and is only slightly hygroscopic.

Material | Density | Radiation length, PL output Decay | Application
(g/cm?) X, (cm) (Photons/MeV) | (ns)
Nal:Tl 3.67 2.59 38000 230 | General purpose
CsF 4.11 2.23 2000 2.8
CsL:TI* 4.53 1.86 59000 1050 X-CT
Csl 4.51 1.85 30" 6,35
Bi,Ge;0,, 7.13 1.12 8200 300 | PCT, NP, HE
CdWO, 7.68 1.06 15000 5000 X-CT
Gd,Si04:Ce | 6.71 1.38 10000 60 PET
Lu,SiO4:Ce 7.4 1.14 30000 40 PET
PbWO, 8.2 0.92 490 10 HE
NP: Nuclear physics experiment * Faster decay component
HE: High energy physics experiment + Slight hygroscopicity

Table 1. Characteristic features of scintillation crystals

3. Configuration and compilation of the scintillation thin cylinders

Visual mapping of intensity and direction of incident radiations is necessary to detect any
radiation accident and/or invisible radiation contamination. For this purpose, thin cylinder
scintillators or fiber segments are compiled to form a bundle where every extended line of
the cylinder is either focused into a point, as shown in Fig. 2 or diverging from a point, as
shown in Fig. 3. The former is referred to as the telescope configuration while the latter is
referred to as the magnifier configuration (Ogawa, 2007, 2010).

3.1 Telescope configuration

Figure 2 demonstrates a typical telescope configuration. The terminal end of the scintillation
cylinder bundle where the focus side is located is optically connected to a two dimensional
photodetector, such as a charge coupled device (CCD). An image intensifier or a micro-
imaging plate is used to amplify the signals before reaching the CCD.

The field angle or aperture of this telescope is determined by R and F, where R is the
diameter of the circle circumscribed by the terminal ends and F is the distance between the
focus and the terminal plane. With this configuration, the intensity and direction of incident
radiations will be indicated as a map on the computer, after image processing.
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Fig. 2. The telescopic configuration. All the extended lines of the scintillator fiber segments

or thin cylinders composing the bundle are focused to a point.

3.2 Magnifier configuration

For the magnifier configuration, the size of the focal point is nearly equal to or a little larger
than the diameter of the fiber. In this configuration, a radiation source such as an X -ray tube
or a small block of €0Co is continuously emitting its radiation at the focal point. On the other
hand, the specimen being studied is placed at a plane between the focus and the front of the
bundle. This way, the transparency of this specimen against the radiation will be observed
as its magnified image. This is similar to an optical magnifier. If radiation substances or
radioactive isotopes are scattered on a plane, a map of this contamination will be observed
when the focus of the magnifier either approaches or departs from that plane, as shown in

Fig. 3.
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Fig. 3. The magnifier configuration. All the extended lines of the segments within the bundle

are diverging from the focus.
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4. Numerical designs

In this section, we discuss the numerical considerations for designing the telescope and
magnifier configurations. In particular, the characteristic features of the cylinders to be used
in the telescope configuration as well as the diameter of the fiber segments for the magnifier
configuration are discussed.

4.1 Numerical designs of cylinders for the telescope configuration
The sensitivity divergence, ®, of a thin scintillation cylinder and the aperture for imaging, ®,
of the cylinder bundle are defined as follows:

® =2tan(a/L) )

® =2 tan(R/F) 3)
On the other hand, the total number of the cylinders, N, is given by

N =3n(n+1) +1 4)

where 7 is number of cylinders along the radius of the circle circumscribed by the terminal
ends. Thus ®, ® and 7 are related as follows:

D = (®/2n)p ®)

In this equation, p is an overlapping or tolerance factor of the scintillation cylinder or fiber
segment. In our calculations, we chose ® as 47°, 24°, 8°, and 2.5° because these apertures
correspond to the 50 mm, 100 mm, 300 mm and 1000 mm focal length lens of the 35 mm
camera system, respectively.

The length of a cylinder, L, is such that the incident radiation is enough to be absorbed for
scintillation but the light generated within it will be perfectly received at the terminal end.
In our calculations, L was assumed to be

L=5Xo (6)

where Xo is the radiation length of the scintillation material. In this case, the incident
radiation will be attenuated to 1/e, which is equal to 0.0067 times (Fukuda et al., 2004). This
attenuation value is acceptable for the present purpose. The radiation length of various
scintillators is summarized in Table 1. As an example, by using a Csl:Tl crystal having an Xo
of 18.6 mm, the suitable crystal length, L, would be 93 mm. Correspondingly, the diameter,
a, of the CsL:Tl cylinders can be obtained using equations (2) and (5) with p = 2. Calculation
results of the diameter of CsL:Tl cylinders for different apertures (®) and number of
cylinders (1) are shown in Table 2. It is worth mentioning that the diameter of the
commercially available BisGe3O12 (BGO) cylinders is 0.6 times compared to that of CsI:Tl
because the radiation length of BGO is 0.60 times shorter than that of CsI:T1.

4.2 Numerical designs of fiber segments for the magnifier configuration

The size of the focal point is nearly equal to or a little larger than the diameter of the fiber
segment, as indicated in Fig.3. It is, therefore, more desirable to make thinner fiber
segments. Today, the diameter of commercially available scintillation fibers, for example the
BGO fiber is about 30 pm (Fukuda & Chani, 2007; Fukuda et al., 2004). This is very similar in
size to the focus of a commercial microfocus X-ray tube. If fibers with a 1 pm diameter were
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available, the resolution of the transparent image against radiation will clearly be improved
because the half shadow of the image will be dramatically diminished.

(The case when p = 2)

n 10 20 50 100
N 331 1261 7651 30.301
0
47° (f=150) 3.82 mm 1907 um 763 um 381 um
24° (f=100) 1.95 mm 970 um 380 um 195 uym
8 (f=300) 0.65 mm 325 pm 130 pm 65 um
2.5° (f=1000) 0.20 mm 101 pm 41 um 20 pm

The value of f in the parentheses indicates focal length of the lens with the same
aperture under the film size: 35-mm camera system.

Table 2. The diameter of CsI:T1 scintillation cylinders

5. Scintillators for time-resolved measurement

As mentioned in Section 2.2, a very short scintillation decay time is desirable for precise
time-resolved radiation measurement. Over the past years, several scintillators have been
studied for this purpose, wherein several schemes have been considered in order to improve
the response time of fluoride, oxide, and glass scintillators. In this section, the characteristics
of fluoride, oxide, and glass scintillators will be discussed. Emphasis will be given to the
improvement in the fluorescence decay time. In particular, the scintillation properties of
cerium-doped lutetium lithium fluoride (Ce3*:LuLiF,), praseodymium-doped lithium glass
(APLF80 + 3Pr), neodymium-doped lanthanum fluoride (Nd3*LaFs), and zinc oxide (ZnO)
will be discussed.

5.1 Pr-doped glass

In the field of fusion research, understanding the plasma dynamics could very well be the
key in feasibly attaining controlled fusion. Moreover, studying the scattered neutrons is
currently the most viable way of probing the fusion plasma. For this reason, neutron
diagnostics is an indispensable tool for both inertial confinement fusion (ICF) and magnetic
confinement fusion research (Cheon et al., 2008; Glebov et al., 2006; K.A. Tanaka et al., 2004;
Lerche et al., 1995; Petrizzi et al., 2007; Ress et al, 1988). In particular, the observation of
scattered neutrons from the high-density imploded deuterium plasma in laser fusion
experiments is desired (Izumi et al., 2003). At the center of the imploded deuterium fuel
plasma, deuterium-deuterium (DD) neutrons having energy of 2.45 MeV and scattered
neutrons from the fuel deuteron are generated. The scattering probability depends only on
the plasma areal density, which is the radial integral of density pR, in units of g/cm?. In
addition, a wide observable range of up to 3 g/cm? is required for future fusion reactors.
These factors make the scattered neutron diagnostics method, highly expected to be further
developed as an invaluable tool in ICF research. For this purpose, a fast-response neutron
scintillator with a high cross section for scattered neutrons is strongly required.

The nuclear reaction,
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6Li(n, T)cr + 4.8 MeV )

has a large cross section resonant peak, well-fit to the back scattered neutron spectrum peak
around 0.27 MeV, and a large Q value producing enough photons for lower energy scattered
neutrons. Thus, a ¢Li scintillator with a high lithium density is an ideal detector for this
method (Izumi et al., 2003). Since scattered neutrons having energy around 0.27 MeV must
be discriminated from the overwhelming majority of the 2.45 MeV primary neutrons or x-
rays via time-of-flight experiments, a sufficiently fast time response is required. Moreover
we must also discriminate the neutrons scattered by the experimental setup itself such as the
vacuum chamber wall. Thus, the detector has to be placed at close proximity to the fusion
plasma; necessitating a scintillator with a time decay of less than 20 ns. In this work, results
are presented on the fast response time of a custom-developed Pr3*(Praseodymium)-doped
lithium glass as a scintillator material (Arikawa et al., 2009).

The Pr3* ion with a higher emission cross section in the deep ultraviolet region (~270 nm) is
preferred as a dopant (Yoshikawa et al., 2008) over the slower, albeit more widely-used
Ce3*( Cerium) ion with its smaller emission cross section at longer wavelengths (Ehrlich et
al., 1979; Fairley & Spowart, 1978; Suzuki et al., 2002). Additionally, high Li-density fluoro-
lithium glass is chosen as the host material over UV-transparent, Li-doped fluoride crystals
such as LiCaAlFs, primarily due to its ease-of-preparation and design flexibility.

1.4 T T T
—— PL Spectrum, Excitation : 234 nm 1

e WA PLE Spectrum, Emission : 278 nm
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Fig. 4. Photoluminescence (PL) and photoluminescence excitation (PLE) spectrum of the
APLF80+3Pr. The PL peak is observed at 279 nm while the PLE maximum occurs at 234 nm.
The photograph shows the glass scintillator sample. The diameter is 6cm with a thickness of
1 cm.

The APLF80 + 3Pr glass sample, having a composition of 20A1(POs)3 - 80LiF + 3PrF3 (in mol)
using 95.5% ©Li enriched lithium fluoride, is shown in the inset of Fig. 4. It was prepared
using the melt-quenching method, where PrFs-containing starting materials were melted in
a glassy carbon crucible at 1100 degrees Celsius under nitrogen atmosphere. The glass melt
was then cooled down to 400 degrees Celsius in the furnace, and subsequently annealed
near the glass transition temperature. The lithium density was measured using an atomic
absorption photometer to be 7.98 w%, 31.6 mmol/cc. This is the highest reported value for
conventional ¢Li glass scintillators, thus far (Saint-Gobain Crystals, 2007-2008). Fluorescence
increase upon 241 Am-alpha excitation was observed with higher doping of Pr*3. The highest
doping of Pr*3 was found to be 3% at the present manufacturing procedure. The preliminary
characteristics were reported in (Murata et al., 2009).
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Before the neutron observation experiments were conducted, the spectral- and temporal-
optical characteristics of the sample were evaluated. From the peak of the pulse height
distribution of the APLF80+3Pr sample, we estimated the fluorescence photons yield to be
about 300 photons / 5.5 MeV-alpha, taking into consideration the limited acceptance angle
of the photomultiplier window even though the emission can be regarded to be isotropic in
all directions. Figure 4 shows the photoluminescence (PL) and photoluminescence excitation
(PLE) spectra of the sample. Strong emission at around 278 nm due to the 5d-4f transition,
which was the design wavelength, was seen. Furthermore, the host material was found to
have good transmission in the vacuum ultraviolet region down to 180 nm, and no
absorption at the luminescence region was observed.

Soatterad excitation pulse

Fluarescent fram

' APLFED & 1P

Wavelength (nm)

a L 100 150 200
Time (ns)

Fig. 5. Streak camera image of the spectral and time resolved luminescence of the APLF+1Pr.
The excitation source is the 4th harmonics of a Ti: Sapphire laser.

The spectrally-resolved fluorescence lifetime of the APLF80+1Pr sample, excited with 217-
nm 150, fs pulses using the 4th harmonics of a Ti:sapphire laser, was measured using a
streak camera as shown in Fig. 5. The spectrally-integrated fluorescence decay profile, along
with the other decay profiles for other excitation sources are shown in Fig. 6; where all the
decay curves were fitted with a single exponential decay in the region from 50 % to 10 % of
the peak value. For ultraviolet excitation, the fluorescence lifetime was determined to be 19.5
+ 0.80 ns. The decay from short x-ray excitation pulses from laser-produced plasma was
measured to be 20.8 + 0.85 ns. In this experiment, a 10-pm thick aluminum plate target was
irradiated by 4 ps/80 J Nd-glass laser pulses. The generated electron energy spectrum of a
few MeV at the peak was also measured using an electron spectrometer. On the other hand,
the fluorescence decay profile for 5.5 MeV 24!Am alpha-particle excitation was 6.7 + 0.03 ns.
Neutron excitation, having energy from 0.5 MeV to 10 MeV using 252Cf, exhibited the fastest
decay time of 5.9 * 0.16 ns. This significant difference of decay times for neutrons and x-ray
excitation is preferable for the time-of-flight measurements, although the mechanism of
response time difference is not clear. A similar difference in the response time was also
observed for conventional Ce3*-doped Li glass scintillation (Fairley & Spowart, 1978).

Based on these information, we show the feasibility of the custom-developed APLF80 + 3Pr
scintillator material as a fast-response neutron detector for laser fusion diagnostics. The
detection of ICF-originated neutrons was successfully carried out in laser fusion
experiments at the GEKKO XII facility of the Institute of Laser Engineering, Osaka
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University. In this study, a fusion target made from a deuterated plastic shell was irradiated
by the 12 high-intensity Nd-glass lasers of the GEKKO XII facility. A detailed description of
typical fusion experiment at GEKKO XII is described in (Azechi et al., 1991). As much as
5x105 DD-fusion neutrons were observed using conventional neutron detectors, based on
plastic scintillators. The fluorescence from the APLF80 + 3Pr sample that was positioned at
about 10 cm from the fusion target was transmitted using a bundle optical fiber and
detected by an ultraviolet photomultiplier as shown in Fig. 7. Taking into account the
distance between the target and the APLF80+3Pr glass scintillator, and the difference of the
time-of-flight of X-ray (30 cm/ns) and neutrons (2.2 cm/ns), the signal at round 10 ns in Fig.
8 was identified to be that of DD primal neutron. With decay time of about 80 ns, such clear
discrimination between x-rays and neutrons in this short interval is impossible with
traditional cerium doped lithium glass scintillators.

Particle excitation

1F

g - 08x085ns s
2 195+ 0,80 ns ~ Meutron
E Photon excitation
> uv
% ———%-ray
‘E_' 0.1 - _:
b Y -8.7 = 0.03 ns :
,gE, S 59 0.16ns {f
[=] -#If 7
= o1 ‘

¥ = " 60 80 100
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Fig. 6. The APLF+3Pr luminescence lifetime for alpha, neutron, x-ray, and UV pulse
excitation. The lifetime varies from ~20 ns to under 7 ns, depending excitation source. This
variation in the sample’s decay time for different excitation energies suggests its capability
to be used as detector in laser fusion time of flight experiments.

APLFBO + 3Pr
20mm 4 x 10mmt

Fusion gna

UV bundle fiber

(30 emins)

i3 S
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Energy: 400 J/beam
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el
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i
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Fig. 7. Experimental set up of the time-of-flight experiment for the neutron detector. The
detector is placed about 10 cm from the deuterated plastic target. The target is irradiated by
12 high energy beams of the GEKKO XII facility of the Institute of Laser Engineering, Osaka

University.
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Fig. 8. The neutron signal at about 12 ns was successfully detected at the GEKKO XII facility
fusion experiment.

5.2 Ce-doped fluoride

As mentioned in section 5.1, 6Li is known to have a large cross section for high-energy
neutrons. This makes lithium-rich compounds prominent candidates for a host, especially
when doped with a high quantum efficiency light emitting ion. Particularly, Li-rich
fluorides are important hosts for these applications because of their relatively wide
bandgap, which make them transparent even down to the vacuum ultraviolet region (below
200 nm). On the other hand, three trivalent ions are being considered as dopants, namely,
Cerium (Ce3*), Praseodymium (Pr3*), and Neodymium (Nd3*) (van Eijk et al.,, 1994).
Previously, Nd3*:LaF; (Nakazato et al., 2010a) and Nd3*:La,Ba(1.F3.x) (Cadatal et al., 2007,
2008) have been reported as possible scintillator materials. However, of these three, Ce3* has
the smallest energy difference between the 4f and 5d levels, therefore resulting to a more
efficient energy transfer to the dopant ion (van Eijk et al., 1994). The small energy difference
also translates to a longer emission wavelength for Ce3*-doped materials. A longer emission
wavelength is advantageous because it can easily match the sensitivity of light sensors. For
these reasons, Ce3*:LuLiF, (Ce:LLF) is explored as a viable scintillator material (Nakazato et
al., 2010b). This material has been extensively investigated as a tunable ultraviolet laser
medium and amplifier (Dubinskii et al., 1992; Sarukura et al., 1995a, 1995b, 1998).

For the development of scintillators, specifically for nuclear fusion applications, material
optimization and doping concentration are extremely important. Material screening is
typically accomplished through characterization of the material’s response time for different
neutron or photon excitation energies (M. Tanaka et al., 2007). However, since the short-
pulse and high-energy neutron generated by nuclear fusion is not available on a daily basis;
the free electron laser (FEL) can be an alternative excitation source for material screening.
Moreover, the FEL provides flexibility in tunability and operation, therefore making it an
important aide in accelerating material development. Among such FELs, the storage ring
free-electron laser (SRFEL) is an appropriate choice because of its adequately high repetition
rate, which is needed for the suitable evaluation of fluorescence decay times that are
typically in the order of tens of nanonseconds (Hosaka et al., 2002). These decay times have
been characteristically observed from Ce3* doped fluorides.

In this section, Ce:LLF is reported as a fast scintillator using a SRFEL operating in the deep
ultraviolet region. The response time is comparable to that of commercially available
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scintillators, KG2 and GS2 (Saint-Gobain Crystals, 2007-2008). Fluorescence spectral and
temporal profiles also seem to have a flat spectral response at each of its three excitation
channels. This report is the first systematic study on Ce:LLF as a scintillator where SRFEL is
also shown to be a powerful tool for material survey.
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Fig. 9. Transmission spectrum of the 10 mm thick Ce:LLF.. Central wavelength of the
absorption bands are situated at around 204 nm, 245 nm, and 293 nm. The doping
concentration of this material is 1mol%.

The Ce:LLF crystal used in our experiments contained 1mol% Ce3*. The crystal, which was
grown by the Czochralski technique, was cut into a half-cylinder with dimensions of 18mm
for the diameter of the semi-circle and 10 mm for the length. The crystal’s c-axis is along its
length, such that it is parallel to the direction of the excitation beam. All of the three flat
surfaces were polished. Detailed specification of the Ce:LLF crystal used in this experiment
is referred to in (Ranieri et al., 2000; Liu et al., 2000).

The experiment was carried out at the UVSOR facility of the Institute for Molecular Science.
The SRFEL, which is parasitically installed at the BL5SU beam line, was used as the excitation
source. Wavelengths from 199 nm to 800 nm with a repetition rate of 11 MHz and pulse
duration of 15 ps were available for material characterization (Zen et al., 2009). This wide
range of tunability is advantageous for material characterization because it allows one to
choose the excitation wavelength to match the absorption band of the material. For the case
of Ce:LLF, the wavelength was consecutively tuned to 216 nm and 243 nm. As shown in Fig.
9, these wavelengths exactly match the absorption band of CeLLF. These well-defined bands
can be attributed to 4f-5d transitions in Ce3*. The beam from the SRFEL was focused to the
sample almost along the c-axis. A streak camera coupled to a spectrograph and a CCD
camera was used to measure the time-resolved fluorescence spectra. The system has a
spectral resolution of ~1 nm and a temporal resolution of ~9.4 ns. The spectral and temporal
profile of the fluorescence spectra was also measured using the third harmonic (290 nm) of a
Ti:Sapphire regenerative amplifier, for reference. The 290-nm emission of this laser system
operated at a repetition rate of 1 KHz, a pulse energy of ~40 pJ, and a pulse duration of ~100
fs. All experiments were done at room temperature.

Fluorescence image, as captured by the streak camera, for the 243-nm excitation wavelength
is shown in Fig. 10. Two spectra can be observed in this streak camera image. These are
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fluorescence emissions from two consecutive excitation pulses. The 11 MHz repetition rate
of the SRFEL meant that the sample is irradiated by one pulse every ~90 ns. Therefore, two
fluorescence emissions from two consecutive pulses were detected in one streak camera
scan. This is also the case for the 216 nm excitation. We obtained the time-integrated
fluorescence spectrum by integrating the signal over the time axis of the time-wavelength
map of the streak camera data; and we found two fluorescence peaks, one at 308 nm and the
other at 326nm, as shown in Fig. 11 (blue line). These fluorescence peaks are consistent with
previous reports (Sarukura et al., 1995; Ranieri et al., 2000; Rambaldi et al., 1998; Combes et
al., 1997). The 4f25d excited state configuration of Ce3* in a LLF host is split into four energy
levels as a result of the the S4 point symmetry at the Ce3* site (Sarukura et al., 1995; Combes
et al., 1997). The three absorption bands in Fig. 9 correspond to the three lowest energy
levels of this 4f25d configuration with energies at ~32.9x103 to ~35.3x103 cm! (304 to 283
nm), ~39.7x103 to ~40.6x103 cm! (252 to 246 nm), and ~46.7x103 to ~50x10% cm-! (214 to ~200
nm). The 308 nm (~32.5x103 cm?) and 329 nm (~30.4x10% cm-1) emission peaks can therefore
be attributed to radiative transitions from the lowest energy level of the 4f25d excited state
configuration to the 2F5/> (0 cm?) and 2F7/> (~2x10% cm?) energy levels of the 4f3 ground state
configuration, respectively (Ehrlich et al., 1979). These energies are specified in the energy
level diagram, shown in Fig. 12.
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Fig. 10. Streak camera image of the Ce:LLF emission excited by the SRFEL tuned at 243 nm.
The SRFEL had a repetition rate of 11 MHz, therefore two fluorescence images were
captured by the 100-ns window of the streak camera.
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Fig. 11. Spectral profile of the fluorescence emission after consecutively exciting the three
absorption channels of Ce:LLF with the SRFEL tuned at 243 nm and 216 nm and by the 290-
nm emission of a Ti:sapphire laser. Transition from the 4f25d excited state configuration to
the 4f3 ground state configuration of Ce3* resulted to two fluorescence peaks, one at 308 nm
and the other at 329 nm.

Two peaks, 308 nm and 326 nm, were also observed for the 216 nm SRFEL excitation, as
shown in Fig. 11 (blue line). Since the emission was also influenced by the Ce3* doping,
these fluorescence peaks were similar to the 243-nm excitation case wherein the fluorescence
peaks were located at 308 nm and 329 nm where the transition was from the lowest energy
level of the 4f25d excited state configuration to the 2Fs,> and 2Fy,> energy levels of the 4f3
ground state configuration.
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Fig. 12. Energy level diagram of Ce3* in Ce:LLF. Two emission peaks originate from the
transitions from the lowest 4f25d excited states to the 2F,/5 (308 nm emission) and 2F7/> (329
nm emission).

www.intechopen.com



Imaging of Radiation Accidentsand Radioactive Contamination Using Scintillators 197

——:37 ns (216.37 nm)’
——:32 ns (243.09 nm) ]
— :45 ns (290 nm)

Intensity (arb. units)
o

|
N

0 _ 50
time (ns)

—
o

Fig. 13. Temporal profile showing fluorescence lifetimes for the 243 nm (SRFEL), 216 nm
(SRFEL), and 290 nm (Ti:sapphire) excitation. These values are fast enough for ignition
timing in fast-ignition, inertial confinement nuclear fusion using laser.

The fluorescence of the same sample was also measured when a 290-nm, fs excitation laser
was used. The spectral profile is shown in Fig. 11 as well. Similar to the results of the SRFEL-
excited fluorescence spectrum, peaks at 308 nm and 325 nm were observed. This similarity is
indicative that the transitions brought about by the Ce3* doping has a relatively flat spectral
response across its absorption bands regardless of the excitation source, therefore making
Ce:LLF as an attractive scintillator material for various excitation sources.

The fluorescence decay times for the three excitation wavelengths are shown in Fig. 13. The
decay curves are single exponential with lifetimes of 32 ns, 37 ns, and 45 ns for the 243-nm,
216-nm, and 290-nm excitation wavelengths, respectively. The variation of these
fluorescence decay times is less than the temporal resolution of the streak camera system,
and thus within measurement uncertainty. The average value of the fluorescence decay time
is ~40ns. The relatively flat spectral response across its absorption bands makes Ce:LLF a
viable scintillator material for various short-wavelength excitation sources. The fluorescence
decay time of commercial scintillators, for example KG2 or GS2, is ~40 ns (Saint-Gobain
Crystals, 2007-2008). Scintillation decay time of Ce:LLF might be a few ns slower, however,
it is still acceptable for ignition timing in fast-ignition, inertial confinement nuclear fusion
using laser.

5.3 Other scintillators

Fast scintillators, with response times in the nanosecond or even picosecond regime would
play an important role in the advancement of radiation detection. For completeness, this
section will discuss two solid-state materials that have been studied and have been shown to
have potential as fast scintillators.

5.3.1 Zinc oxide (ZnO)
The feasibility of ZnO crystal as a fast scintillator in the ultraviolet (UV) and extreme
ultraviolet (EUV) region is reported. Over the past decade, ZnO has been intensively
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studied as a light emitting diode and as a nanostructured material with improved optical
properties (Cao & Du, 2007; Hauschild et al., 2006; Ichimiya et al., 2006; Jen et al., 2005; Ohta
et al., 2000; Qian et al., 2007; Xu et al., 2007; Yu & Cardona, 2001; Zhang et al., 2007). In
relation to this, the hydrothermal method is a novel growth method suitable for growing
various crystals, including oxides such as ZnO. This method is capable of producing high-
crystalline quality and large-sized homogeneous samples (Ohshima et al., 2004). The efficacy
of a hydrothermal-method-grown ZnO crystal as a scintillator for UV region has been
previously demonstrated (Furukawa et al., 2008; M. Tanaka et al., 2007; Nakazato et al.,
2009), wherein the reported decay time of the ZnO scintillator was 1ns for EUV excitation at
13nm using Ag-plasma EUV laser. However, a faster response time is needed. In this
section, an intentionally iron (Fe)-doped, hydrothermal-method-grown, ZnO crystal, is
demonstrated to exhibit a response time faster by over one order of magnitude for soft x-ray
pulsed excitation from the actual XFEL prototype (SPring-8 compact self amplification of
spontaneous emission source [SCSS] test accelerator) at the SPring-8 research facility in
RIKEN (Shimizu et al., 2010; Yamanoi et al., 2010).
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Fig. 14. Experimental setup for the measurement of the time resolved spectrum using the
SCSS test accelerator (200-fs pulse duration, 10-pJpulse energy, and 20-Hz repetition rate at
51-61nm). The sample was placed inside a vacuum chamber and excited by the EUV pulse
from the SCSS test accelerator. The fluorescence was observed using a streak camera with
the spectrograph.

The faster response time of the ZnO scintillator in this work was achieved by modifying the
previously reported hydrothermal method ZnO crystal growth (Ohshima et al., 2004). The
growth modification was aimed to introduce other fluorescence quenching channels by
intentional doping during growth. To do this, the platinum lining of the crystal growth
container was removed to facilitate the intentional doping of Fe-ion impurities. Three-
dimensional-transition metals such as Fe in other semiconductor materials are known to
play the role of lifetime-shortening impurity. The concentration of other impurities such as
Li, K, and Al also increased, when the Pt lining was removed. However, the rate of increase
in these metals is one order lower than that of Fe. Moreover, the contribution of these metals
to the shortening of the lifetime is known to be smaller than that of transition metals. These
results suggest that Fe is the main impurity. The sample was grown at a temperature of 300-
400°C and at 80-100 MPa pressure and the crystal was cut at the (0001) surface orientation.
The density of Fe-ion impurities in this sample was 0.61ppm, which is more than two orders
of magnitude higher compared to previous ZnO samples grown with the Pt lining.
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Fig. 15. Streak camera image of the fluorescence from ZnO. This is a 50000-shot integrated
signal excited by 56 nm. The vertical axis is wavelength (nanometer) and the horizontal axis

is time (nanosecond). The dominant fluorescence peak was centered at around 380 nm.
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Fig. 16. Temporal profiles of the ZnO fluorescence excited by (a) 51nm, (b) 56nm, and (c) 61

nm. The observed profiles can be fitted by double exponential decays described as [=A;
exp(—t/t1)+Az exp(—t/12) (dotted line). The fitting parameters are A; =0.75, A =0.25, 1
=70ps, and 1, =222ps.The estimated instrumental function was plotted with a dot line in
each graph. (d) Slit image (dotted line) and a calculated curve of a convolution of the slit

image and a normal distribution function (solid line).
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Initially, the response time of Fe-ion doped ZnO scintillator was evaluated using the third
harmonics of a mode-locked Ti:sapphire femtosecond laser at 290nm. The typical band-to-
band ultraviolet fluorescence at 380nm was successfully observed, with a decay time of
~80ps. This is significantly faster compared with the previously reported 1-ns decay time for
the 380-nm fluorescence of undoped ZnO. The 1x1cm?, 0.5-mm thick double-side polished
ZnO crystal was mounted in a vacuum chamber, and the third harmonics of a neodymium-
doped YAG (Nd:YAG) laser was initially used as excitation for alignment purposes. The
sample was illuminated from the backside, in a counter propagation configuration with the
beam path of the SCSS test accelerator, as shown in Fig. 14. The SCSS test accelerator having
200-fs pulse duration, 10-pJpulse energy, and 20-Hz repetition rate, was focused by an
oblique mirror (Mimura et al., 2008). With a mirror focal length of 1m, the spot size at the
focus was about 20 pm. To minimize the risk of damage, however, the sample was placed 5
cm away from focus, and the radius of the beam at this location was estimated to be 500 pm.
The emission wavelength of the SCSS test accelerator can be tuned from 51 to 61 nm.
Fluorescence was collected and focused to the entrance slit of a spectrograph using quartz
lenses. The fluorescence spectrum and the lifetime of the ZnO sample were measured using
a 25-cm focal-length spectrograph (groovedensity600gr/mm) coupled to a streak camera
unit (HAMAMATSUC1587) and a charge coupled device camera.

The ZnO fluorescence, excited by light pulses of the SCSS test accelerator at 51, 56, and 61
nm with 50000 shots was measured using the spectrograph coupled to the streak camera
system. Figure 15 shows the streak camera image of the fluorescence using 56-nm excitation
from the SCSS test accelerator. The dominant fluorescence peak was centered at around 380
nm (Chen et al., 2000). The temporal profiles of this image at 51-, 56-, and61-nm excitation
are shown in Figs. 16(a)-10(c), respectively. The measured decay profiles can be well-fitted
to a double exponential decay with time constants of 70 and 222 ps for the fast and slow
decay-time constants, respectively. These two decay constants have been previously
reported in several works involving UV-excited ZnO single crystals, where the fast decay
time is attributed to the lifetime of free excitons, while the slower decay time is assigned to
trapped carriers (Wilkinson et al., 2004). This measured response time is currently the fastest
for a scintillator operating in the 50-60 nm region. In addition, the fluorescence intensity and
time decay profile appears to be independent of the excitation wavelength within the 50-60
nm range. This flat response makes the Fe-doped ZnO scintillator ideal for operation both
for UV and in soft x-ray excitation schemes.

5.3.2 Neodymium-doped lanthanum fluoride (Nd**:LaFs)

Scintillators in the vacuum ultraviolet (VUV) region are continuously being developed for
various applications. In this section, the scintillation properties of Nd3*:LaFs is discussed.
Characterization was performed by exciting the sample with the third harmonics of a
Ti:sapphire regenerative amplifier having 1-KHz repetition rate, 10-uJ pulse energy, and
200-fs pulse duration. The excitation wavelength in this case is at 290 nm; while the reported
fluorescence wavelength of Nd3+:LaF; is at 175 nm. With the unavailability of ultrashort-
pulse EUV sources, we attempt to demonstrate the scintillation properties of this crystal for
ultrafast excitation using possibly a multiphoton process. Spectroscopic studies have
revealed that the absorption edge of this crystal is at ~168 nm (Nakazato et al., 2010a).

Pulses were focused by a 20-cm lens onto the sample inside a vacuum chamber. A VUV
spectrometer and streak camera system was used to evaluate fluorescence from this sample.
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The streak camera image of fluorescence is shown in Fig. 17 (a). The streak camera image of
the 290-nm, fs excitation is also shown in the same figure as Fig. 17 (b) for reference. On the
other hand, the spectral and temporal profile obtained by sweeping across the vertical axis
is shown in Fig. 18. The fluorescence peak is centered at around 175 nm with a decay time of
about 7.1 ns.

The absorption spectrum of the sample from 200 to 400 nm revealed the presence of
multiple absorption bands, particularly at 290 nm. Moreover, the slope of fluorescence
intensity as a function of pump fluence was experimentally verified to be equal to unity. In
this aspect, frequency up-conversion by energy transfer could have been the governing
mechanism [3], owing to the absorption band at 290 nm. Since fluorides have low phonon
energies, the lifetimes of intermediate levels are long enough (order of ps) for the
accumulation of electrons in an intermediate excited state. Existing solid-state, inorganic
scintillators in the ultraviolet region typically have decay times of a few tens of
nanoseconds. As such, the Nd3*:LaF; fluorescence decay time of about 7.1 ns would be
among the fastest solid-state, inorganic scintillators.
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Fig. 17. (a) Streak camera image of fluorescence from a cuboid Nd3*:LaF3 excited by 290-nm
femtosecond pulses shown in (b).
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Fig. 18. (a) Spectral and (b) temporal profiles of the fluorescence shown in Fig. 17 (a).

www.intechopen.com



202 Nuclear Power - Operation, Safety and Environment

6. Conclusion

In the field of fusion research, understanding the plasma dynamics could very well be the key
in feasibly attaining controlled fusion. The time-resolved fluorescence spectra of Ce:LLF when
excited by SRFEL tuned at 243 nm and 216 nm and by the 290-nm emission of a Ti:sapphire
laser were measured to determine the feasibility of using this material as a scintillator for fast-
ignition laser fusion. Two peaks were observed, one at 308 and another at 329 nm, which can
be attributed to transitions from the lowest energy level of the 4f25d excited state configuration
to one of the two energy levels in the 4f3 ground state configuration of Ce3*. The relatively flat
spectral and temporal response across its absorption bands makes Ce:LLF an attractive
scintillator material for various excitation sources. Scintillation decay time of Ce:LLF might be
few ns slower, however, it is still acceptable for measurements of ignition timing in fast-
ignition, inertial confinement nuclear fusion using laser.

In response to the need for a fast-response scintillator for precise time-resolved radiation
measurement, we have succeeded in developing a fast-response ¢Li glass scintillator
material suitable for scattered neutron diagnostics of the ICF plasma, with a response time
of about 20 ns. Using this custom-developed material, fusion-originated neutrons were
successfully observed using the GEKKO XII laser at the Institute of Laser Engineering,
Osaka University. These results could pave the way for a new class of scintillator devices,
optimized for neutron detection. In particular, after proper growth and device design
considerations are carried out, future discrimination between primary and low-energy
scattered neutrons using this material could be realized.

Due to the increasing demand for scintillators with fast response time, several materials are
currently being investigated. In this aspect, vacuum ultraviolet fluorescence from a
Nd3+:LaF; crystal excited by 290 nm femtosecond pulses from a Ti:sapphire laser is reported.
Peak emission at 175 nm with 7 ns lifetime is observed. This decay time would be one of the
fastest among fluoride scintillators. On the other hand, a hydrothermal-method grown ZnO
scintillator exhibited an over one-order of magnitude faster response time by intentional Fe
ion doping. The rise and decay time constants of the fluorescence are measured to be less
than 10 ps and 100 ps, respectively. Its fluorescence is also sufficiently bright to be detected
by a streak-camera system even in single shot mode without any accumulation.

Meanwhile, mapping of radiation sources is very useful to detect and characterize invisible
radiation accidents and/or radioactive contamination. For this purpose, bundles composed
of well-designed and regularly arranged scintillation fiber-segments or thin cylinders have
been developed to detect and display the radiation sources as a map, using the directional
sensitivity of the segments or cylinders for locating sources of incident radiation. In this
case, the more important attribute would be scintillation intensity, regardless of decay time,
since available moving picture systems are usually 30 frames per second. A bundle
composed of several kinds of thin cylinder or fiber segment scintillators has appropriate
sensitivity for several kinds of incident radiation and thus serves as a panchromatic
detector; whereas a bundle made from a single type of scintillator functions as a
monochromatic detector. By combining several types of scintillating elements into a bundle,
we have developed a “panchromatic” detector that is suitable for use against radiation from
different types of sources.
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