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1. Introduction

Neutron detectors are mainly used in nuclear security and nuclear
safety to prevent and detect illicit transportation of special nuclear ma-
terials (SNMs). Detection of illicit trafficking of such materials relies on
the radiation emitted since SNMs emit neutrons through spontaneous
fission that can be detected at longer distances and are more difficult
to shield. For this reason, neutron detectors offer an important role
in detection systems. Existing neutron detection systems are typically
based on the 3He technology. Its high neutron detection efficiency,
nearly perfect gamma-ray discrimination and non-toxicity make them
ideal for nuclear security applications.

3He based neutron detectors require pure 3He, which is a rare non-
radioactive isotope of helium. 3He is only produced as a byproduct of
tritium decay [1]. In recent years, because of the increasing demand
for 3He in instrumentation for nuclear security and in other science
applications, the need for 3He has grown significantly, while current
stockpiles around the world have been decreasing since the year 2000.
The growing demand for 3He already exceeds planned production over
the next few years which has led to dramatic increases in its price [2,3].
By contrast, the deflated price for gadolinium oxide has steadily fallen
over the last two decades [4]. The last decade has been driven by
the quest for finding competitive alternative technologies to replace
3He based detectors, to guarantee the availability of detection systems
for nuclear security applications. It will be very unlikely to develop
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neutron detectors having characteristics better than those based on
3He. Therefore, a suitable alternative does not need to be necessarily
better than 3He but simply should fulfill the minimum requirements
to detect the neutrons, which are derived from international standards
[5-7] and are that the instrument shall indicate the presence of neutron
radiation. If the instrument responds in count rate, no further testing is
required.

Thus, intense research and development continue to explore new
phosphor materials as scintillators or the optimization of the current
ones taking advantage of new technological methods for their prepa-
ration. Therefore, the development of a phosphor with rare earth
elements such as gadolinium shows a high potential for the deploy-
ment of efficient and cost-effective inorganic scintillators for neutron
detection.

Gadolinium ("' Gd) is a rare earth element that processes the largest
thermal neutron absorption cross-section of all the stable elements,
with a total neutron absorption cross-section of nearly 48,800 barns.
The natural abundance of 155Gd and 157 Gd isotopes in "Gd are 14.8%
and 15.6% respectively, contributing most significantly to the ther-
mal neutron absorption cross-section, approximately 99.99% of the
elemental cross-section [8].

There are no heavy ions emitted after a Gd atom captures a neutron,
unlike the thermal neutron radiative capture in 3He, °Li, and 0B,
where heavily charged particles with distinguished energies are emitted
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Table 1
Summary of photon emission of interest in this study [12,13].
Isotope Abundance Emitted Energy Emission
(%) Photon (keV) probability
(%)
157Gd 15.6 s-ray 181.9 18.33 + 1.69
s-ray 79.5 9.75 + 0.69
K, 43 18.2 + 1.0
K, 49 4503
155Gd 14.8 K, 43 29.1 + 3.8
K, 49 7.1+ 0.9

in producing subsequent signals in the detector. For example, as shown
in Eq. (1), the de-excitation of 157Gd following the absorption of a
thermal neutron releases 7.9 MeV energy through the emission of com-
peting conversion electrons, Auger electrons, characteristic K X-rays,
and gamma rays. Depending on the energy level (K, L, M, or N shell)
of the conversion electron, the emission electron will be in the energy
range of 29-182 keV and only 1% of the energy is transported by the
Auger and conversion electrons, which accounts for 79 keV [9-11] (see
Table 1).

On; +15Gd — 136Gd* — 15°Gd + y + conversion electron

+ X-rays + Auger electrons ; Q = 8.5 MeV (@9)]

On; + 157Gd - 138Gd* - 158Gd + y + conversion electrons
+ X-rays + Auger electrons ; Q = 7.9 MeV 2)

The reaction Q-value energies 8.536 and 7.937 MeV, produce a
number of high energy y-decays, typically above 1 MeV, which are
not of primary interest in this work due to their low probability
of interaction in the typical scintillator layer thickness of < 1 mm.
The resulting de-excitations also produce transitions through numerous
low-lying states, which are much more likely to be stopped within a
relatively small scintillator. The thermal neutron capture cross-sections
of 155Gd and 1%7Gd are sufficiently large that the thermal neutron
reaction occurs within tens of micrometers of the scintillator surface.
Hence there is a high likelihood of escape by the 43 keV gadolinium
K-shell X-ray for approximately half of the internal conversion events.
These events produce a low energy peak due to the conversion electrons
that only travel a few micrometers in the scintillator.

In this work, Gd,05:Eu** and GdBO5:Eu** phosphor materials were
successfully synthesized through a simple precipitation process and
subsequent firing as scintillators for thermal neutron detection.

2. Experimental

The materials described throughout this section are gadolinium
oxide (99.5%, A.M.P.E.R.E. Industrie, France), europium oxide (99.5%,
AMR, China), urea, boric acid (99.5%, Fisons Scientific Equipment),
HNO; (Fisher Scientific) and phosphor medium (7153E, DUPONT).

2.1. Preparation of Gd;05:Eu and GdBOs:Eu phosphors

The standard method, urea homogeneous precipitation [14], was
used to prepare spherical precursors of GdyO4:Eu** phosphors. The
Gd(NO3); stock solution (0.25 M) was prepared by dissolving Gd,O3
in dilute HNOj5. Similarly, Eu(NO3)3 stock solution (0.25 M, 2 mol %
diluted) was prepared.

To suitable amounts of GA(NO3)5 stock solution, suitable amounts
of Eu(NO3)5 stock solution as well as urea were added in a beaker, dis-
solved, and diluted to 500 mL by deionized water. The concentrations
of [GA3t+ Eu3*] and urea in the final solution were 0.025 and 0.5 M
respectively; [Eu3*]/[Gd>*+] was 5% mol. The solution was kept boiling
on a hot plate until turbidity was observed, then aged for 1 h. The
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precipitates above were washed using deionized water several times
and filtered. The precipitates were then dried at 60 °C in an oven, and
soft white powders resulted. To convert these powders to phosphors,
they were fired at 980 °C overnight. Fine particles were separated from
large particles using an ultrasonic bath and dried at 60 °C in an oven.
The powder was ground using agate mortar and pestle.

To investigate the relationship between luminescence and firing
temperature the samples were fired at three different temperatures
(700 °C, 980 °C, and 1050 °C).

Similarly, GdBO3:Eu phosphor samples were also prepared [15,16].

2.2. Preparation of scintillator layer

Then 0.5 g of Gd,04:Eu** powder was mixed with a binder (phos-
phor medium) using a speed mixer (20 s, 3300 rpm). A fine paste of
Gd203:Eu3+was formed. Then scintillator layers (thickness ~100 pm)
were deposited on a glass substrate by the K-bar technique and dried
at 60 °C in an oven. Before deposition, the glass substrate was cleaned
with ethanol. Similarly, thin scintillator layers of GdBO5:Eu** were
prepared.

2.3. Characterization of physical properties

The surface morphology of the Gd,O5:Eu** and GdBO4:Eu*t sam-
ples was examined by scanning electron microscopy (SEM) and the
fluorescence spectra were obtained by laser-induced spectroscopy.

2.4. Testing with neutrons

The samples were irradiated with a Deuterium-Deuterium (D-D)
source emitting 2.5 MeV neutrons. To produce thermal neutrons a
15 cm thick HDPE moderator cube was used. The neutrons passed
through about 10 cm (between HDPE and detector) of air before
reaching the samples. The pulse height distribution from irradiating
the Gd,03:Eu** and GdBO5:Eu** samples with thermal neutrons was
obtained using a custom designed Bridgeport SiPM MCA (model no:
SIPM 1K_BC36_H50) using a Broadcom 6 x 6 mm? SiPM which has a
peak spectral sensitivity around 420 nm.

2.5. Simulation with FLUKA

FLUKA is a Fortran-based Monte Carlo code used to calculate parti-
cle transport and interactions with FLAIR as the interface for editing
the input file, executing the code, and visualizing the output files
[17-19]. The simulation activity in this study was done using the
FLUKA version 4.2.0 and FLAIR 3.1-15 version installed in Centos
(Linux-based operating system). FLUKA offers numerous different es-
timators that can be used to score various quantities of interest. The
DETECT card was used for acquiring the energy deposition spectrum.
The light produced in scintillator material is emitted in all directions.
Only a limited fraction of it reaches the surface where SiPM is mounted.
Thus the USRBDX card is used to calculate the light that passes through
the boundary. All these functions (cards) are used for finding the
response function of the scintillator. As well as visualization of neutron
fluence, corresponding energy deposition, light photons produced, and
light passes through the boundary were carried out for each scintillator
type. To obtain a reasonable statistical error (<2%), 108 particles were
run with five cycles.
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Fig. 1. SEM image of (a) Gd,O5:Eu** and (b) GdBO3:Eu’*.
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Fig. 2. Fluorescence spectra of Gd,O5:Eu** (fired at 980 °C).
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Fig. 3. Fluorescence spectra of GdBO5:Eu’* (fired at 800 °C).

3. Results and discussions
3.1. Characterization of samples

Fig. 1(a) presents an SEM micrograph of the Gd,05:Eu’* sample.
Fig. 1(b) shows an SEM micrograph of the GdBO5:Eu** sample.

The Gd,04:Eu** precursors prepared by the standard method have
an approximately spherical shape with a diameter of about 0.1 pm.
GdBO:Eu?* precursors have a rod shape of 0.5-2 pm in size. Crys-
tallinity can be observed in both materials.

Figs. 2 and 3 shows fluorescence spectra of Gd,Os:Eu’* and
GdBO5:Eu?* samples recorded from 540-750 nm by using laser-induced
spectroscopy. Under the excitation of the laser (532 nm), Gd,04:Eu**
and GdBO5:Eu’* displays the characteristic red emission due to Eu’*.

The charged particles emitting from the reactions (1) and (2) men-
tioned above consequently excite Eu** ions and result in the charac-
teristic Eu** emission peaking around 612 nm that corresponds to the
transition of electrons from 5d — 7f energy levels. Spectra consist of
5 sets of lines at 580 nm, 587-600 nm, 611-630 nm, 651-661 nm,
and 687-710 nm which are connected to the intra-configurational °d,
- 7fy, 3dy = 7f;, 3dy = 7f,, °dy — 7f; and °d, — 7f, transitions of
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Fig. 4. Fluorescence spectra of Gd,O5:Eu’* samples fired at 700 (green), 980 (red),
and 1050 °C (blue) (laser applied with 1% filter).

Eu’*, respectively. The strongest emission was observed for °d, — 7f,
transition, followed by °d, — 7f, transition.

Another primary factor to develop an efficient scintillator is to
optimize the light emission properties. In order to study the variation
of light emission for different firing temperatures, samples were fired
at 700, 980, and 1050 °C.

Fig. 4 shows fluorescence spectra of three Gd,05:Eu’* samples fired
at different temperatures recorded from 540-750 nm by using laser-
induced spectroscopy. The maximum photoluminescence intensity was
observed at 1050 °C firing temperature because higher temperature
yields better crystallization.

3.2. Simulated spectrum

As shown in reaction (1) and (2), after the Gd neutron capture
event, excited states of the resultant 15°Gd* and 158Gd* nuclei are
relatively low lying-in energy. In excited states, due to relatively high
atomic number of gadolinium (Z = 64), this leads to internal conver-
sion electron emission leaving vacancies in the atomic shells, orbital
electron shuffling occurs leading to the emission of characteristic X-
rays, which is a competing process to gamma-ray emission. Therefore,
neutron capture process of natural gadolinium produces characteristic
X-rays as well as prompt gamma rays.

The simulated spectrum from FLUKA for Gd,O4:Eu’* and
GdBO3:Eu?t shows in Fig. 5. Atoms in excited states de-excite by
emitting X-rays mainly between 40-50 keV for the K-shell and 6-
7 keV for the L-shell and low energy Auger electrons. The combined
1st excited state to ground state transitions for 1°°Gd and 158Gd being
at ~82 keV.

3.3. Neutron irradiation

As explained in the previous section, the fabricated Gd-based scin-
tillator should produce a pulse height spectrum with features that are
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Fig. 5. Simulated pulse height spectrum of (a) Gd,O5:Eu** (b) GdBO5:Eu’*.
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Fig. 6. (a) Pulse height spectrum of Gd,O5:Eu**(fired at 980 °C) (b) Pulse height
spectrum of GdBO4:Eu’* (fired at 800 °C).

attributable to characteristics X-rays and prompt gamma rays following
a neutron capture.

As seen in the experimental spectrum, only a convolution of the low
energy peaks ~43 keV are visible (Figs. 6, and 7), the intrinsic noise
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Fig. 7. Pulse height spectra of Gd,O5:Eu** samples fired at 700 (green), 980 (red),
and 1050 °C (blue).

of the detector system is negligible compared to the broad peak shown
in these pulse height spectra.

There are two sources of gamma rays that are concerned when
gadolinium is used as a neutron capture element, one is external
gamma ray accompanying neutron field and the other is neutron-
activated internal prompt gamma rays. The thermal neutron capture
cross-sections of 155Gd and %7 Gd are sufficiently large that the thermal
neutron reaction occurs within tens of micrometers of the surface of
the detector. Hence there is a high likelihood of escape by the 43
keV gadolinium K-shell X-ray for approximately half of the internal
conversion events. These events produce a low energy peak due to
the conversion electrons that only travel a few micrometers in the
scintillator. The size of the prepared scintillator is small (1 cm 2 and
100 pm thickness). Such thin film devices are likely to be gamma
blind, because of the long attenuation length of gamma radiation, at
energies of 200 keV and above where for 0.1 mm thickness layers,
the photoelectron interaction probability is calculated to be < 2%)
compared to the interaction probability for thermal and epithermal
neutrons. However there is the distinct possibility that X-rays, caused
by inelastic scatting processes in materials placed between the source
and the detector, may cause K-shell Auger electron emission.

Consequently, there is a range of thicknesses where the Gd-doped
film is opaque to neutrons and somewhat transparent to typical gamma
rays. For the devices we have measured, the high energy gammas have
a mean free path much greater than the active region and can be
ignored, not only based on cross-section but because the experimental
pulse height spectra are the characteristic of the expected electron
energy spectrum.

Fig. 7 shows that the peak response of the Gd,05:Eu®* scintillator
layers are increasing when the firing temperature is increased.

This clarifies that, for samples fired at 700—1050 °C, the lumi-
nescence increased because higher temperature firing yields better
crystallization, thus increasing the detection efficiency of the samples.
Therefore, emission from these gadolinium based scintillators improves
through better crystallization.

4. Conclusion

The scintillation properties of Gdy04:Eu*t and GdBOg:Eu’t have
been investigated in this work. The Gd,04:Eu** and GdBO5:Eu®* were
tested as scintillators for thermal neutron detection. In addition, the
photoluminescence properties for different firing temperatures were
also investigated. These results show that the detection of K X-ray emis-
sion from gadolinium oxide based scintillators improves significantly
through better crystallization at higher temperatures.
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