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Abstract: The electronic structure and translucent nature of lithium tetraborate (Li2B4O7) render it
promising as a scintillator medium for neutron detection applications. The inherently large neutron
capture cross-section due to 9B and °Li isotopes and the ease with which Li2B4O7 can be enriched
with these isotopes, combined with the facile inclusion of rare earth dopants (occupying the Li*
sites), are expected to improve the luminescent properties, as well as the neutron detection effi-
ciency, of Li2B4Or. The electronic structure of both doped and undoped Li2BsO7 were explored, using
photoemission and inverse photoemission spectroscopies, optical measurements, and theoretical
computational studies such as density functional theory. The scintillation properties are further en-
hanced because of the wide bandgap, making Li2B4O7 extremely translucent, so that capturing the
neutron scintillation output is neither hindered nor diminished. Therefore, in this review, demon-
strations of the possible amplification of neutron capture efficiencies, courtesy of rare-earth dopants,
along with insights into a significantly large charge production (associated with neutron capture),
are presented.

Keywords: lithium tetraborate; neutron detectors; rare earth dopants; neutron scintillation detectors

1. Introduction

Neutron detection is an inherent component of neutron radiation dosimetry, cross-
border interdiction of fissile materials [1,2], nuclear reactor fuel and nuclear safety man-
agement [3,4], nonproliferation, nuclear stockpile monitoring, and nuclear medicine [5].
These particles are uncharged, which means that they do not provide a direct electronic
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signal, and they do not readily interact with most matter. In short, when compared to
detection of other forms of radiation, neutron detection is nothing short of an ordeal.
Therefore, when, in a Senate hearing, Dr. Robert ]J. Oppenheimer was asked what instru-
ment he would use to detect an atomic bomb, his answer was “a screwdriver”, implying
one would have to open every container to detect fissile materials because radiation ema-
nations were extremely small [6].

Due to abovementioned reasons, practical neutron detection methods rely on indirect
measurements based upon an initial neutron interaction producing a secondary species
(conversion) that is readily measurable due to its effect on electronic and/or optical prop-
erties [7]. Neutron detectors are, therefore, divided into electronic (gas-filled or semicon-
ductor devices, where ionization leads to an induced current or voltage pulse) or scintil-
lation (absorption of radiation followed by luminescence in the material) detectors. How-
ever, the process of selecting just the right kind of materials to manufacture reliable neu-
tron detectors faces a colossal challenge of circumventing the background radiation. To
elaborate further, background y-ray emissions, either from natural terrestrial sources or
from the y-ray emitters associated with the neutron source, can mask the secondary ioni-
zation or excitation signal from a neutron detector as well. Thus, many applications seek
materials made of the lighter elements to remove or reduce the signals that might arise
from associated X-ray and vy radiation, often referred to as being “y-ray blind” [7], mean-
ing that a very high neutron-to-gamma-ray detection ratio is sought [8]. Currently, there
exist six kinds of materials used as scintillators: organic crystals, organic liquids, plastics,
inorganic crystals, gases, and glasses. Among these materials, crystal, glass, and gas scin-
tillators are often used for neutron detection; however, gases are less sensitive to 3 (beta)
and vy (gamma) radiation, while the background from v rays is generally higher for solids
and liquids due to the higher atomic density. For thermal neutrons in particular, detectors
with a high concentration of 6Li are employed because they enhance the scintillation sen-
sitivity [9], which is why lithium tetraborate (Li2B4Or) has been touted to be a highly effi-
cient material for applications in scintillation neutron detectors [10-13].

In this review article, the crystal and optical properties of the lithium tetraborate
(Li2B4Oy) are described. The optical properties and photoemission characteristics are dis-
cussed in detail to understand the advantage of using this material as a scintillator neutron
detector. The most important results on the rare earth (RE) doping of this material and
how this doping enhances the scintillation characteristics are also presented. Therefore,
new research directions on scintillation efficiency and transparency can be identified
through this review article. This information is critical to finally design and manufacture
high-efficiency and low-cost Li2B4O7-based neutron scintillation detectors.

2. Lithium Tetraborate-Based Scintillation Detectors

Lithium tetraborate, usually known for its pyroelectric and piezoelectric properties
[14-16], is a complex tetragonal crystal with 104 atoms per unit cell (see Figure 1a), with
dimensions a=b=9.470 A and ¢ =10.290 A and a space group of I4icd [17]. It has a char-
acteristic wide electronic bandgap of ~8.9 to 10.1 eV [18], a large capability for thermal
neutron capture, and high resistance to radiation damage. Li2B4Oy is also known to possess
the best scintillation parameters among all the lithium borates [11,12,19,20], and multiple
examples of experimental evidence advocating for the use of Li2B4Or as a scintillator have
existed for quite some time now [12].
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Figure 1. (a) The structure of lithium tetraborate (Li2B4O7) and (b) a lithium tetraborate single crystal
showing excellent translucence.

Work by Zadneprovski et al. [11] confirmed that undoped Li2B4Oy is in fact y blind,
that is to say, largely insensitive to y-ray radiation due to low y-ray cross-sections, which
is consistent with the fact that the primary elemental constituents of Li.B4Oy all have very
low Z (i.e., atomic number) values. Since Li2B4O7 growth requires little post-material fab-
rication processing, scintillation detectors based on Li2B4O7 hold promise for an inexpen-
sive and efficient detection system. Moreover, lightweight Li2B4O7 sheets can be combined
with multiple scintillation—photomultiplier tubes into a single PIN diode (or photon sen-
sor), so they can be scaled to large areas with little need for increased power or loss of
detection area due to the need for pixelation and concomitant device connections, as
would be the case in a solid-state device. Detectors based on Li2B4O7 can therefore be made
thick enough to provide the necessary neutron moderation within the detector medium,
leading to higher absolute efficiency. Lastly, Li2B4Oy is fairly immune to terrestrial-level
temperature changes and unaffected by moisture and corrosion, making it well-suited for
harsh environmental applications.

In terms of the physics of operation, the advantage of using Li2B4Or as a neutron de-
tection medium arises from the high thermal neutron capture cross-section inherent in the
nuclear isotopes of B (os =3935 barns) and §Li (oui = 940 barns). Natural B consists of
~20% of B, and natural Li consists of ~6% of °Li. Luminescence is generated by electron-
hole pair creation and annihilation resulting from the energetic daughter products of 1°B
[9] and ¢Li [10] capture reactions, as shown below:

10B + n —> 7Li (0.84 MeV) + ‘He (1.47 MeV) + y (0.48 MeV) (94%)
10B + n — 7Li (1.015 MeV) + 4He (1.78 MeV) (6%)
6Li +n — 3H + *He + (4.8 MeV)

In order to improve the neutron interaction probability, Li2B4O7 can be formed using
Li and B enriched with Li and 1%B, respectively [10], thus increasing the thermal neutron
capture cross-section. Both isotopes can be enriched using standard isotopic separation
techniques. And even though standard isotopic separation techniques can be applied to
enhance the enrichment of both the isotopes, usually Li is more widely used than B be-
cause its neutron capture reaction products have higher energy and lead to greater light
output. Both the °Li and °B daughter fragments have significant kinetic energies, which,
in turn, can lead to the creation of electron-hole pairs. The subsequent electron—hole pairs
can then recombine to create light, but detection of the scintillation is more easily achieved
if the light is in the visible range and the scintillation output is coupled with the photo-
multiplier or photodiode detector. Obviously, the light has to reach the detector, so a scin-
tillator material that is close to transparent is ideal. This means that the optical properties
and bandgap matter. But there are trade-offs, as discussed below. For example, a large
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bandgap may ensure a more translucent material but lead to the creation of fewer elec-
tron-hole pairs along the charge tracks left by the ¢Li and °B daughter fragments.

Single-crystal Li2B4Oy, in its pure form, exhibits luminescence, but the scintillation
efficiency is insufficient for practical neutron detection applications [21]. Another major
drawback to using Li2B4Or as a scintillation detector is that, like many glass-based mate-
rials, it is sensitive to electron (3), proton, and a radiation. Although it is possible to use a
pulse height discrimination technique to separate 6Li or 1B neutron capture events from
other events, the response time is on the order of 10 ns, and the light output is low, typi-
cally approximately 30% of that of anthracene [9]. In order to compensate for this disad-
vantage, the light output must be maximized to produce an adequate neutron capture
scintillation response, obtained by select doping of the material. Fortunately, Li2B4O7 read-
ily accepts the incorporation of dopants such as Cu and Ag, as well as rare earth elements,
such as Yb- [11,22], Ce- [11], Nd- [19,21], Sm- [11], Eu- [11,23], Gd- [19], Tb- [11], Er- [19],
and Tm- [11,24], that enhance the luminescence by increasing recombination sites and
adding luminescence lines [11,22-28], thus increasing the luminescent efficiency. Rare
earth elements are especially useful, as they exhibit sharp luminescence originating from
their intra-4f electronic transitions [22-26,29-50].

The partly filled 4f orbitals of the rare earth elements in conjunction with a filled 5s
and 5p subshell provide enough shielding from the crystal field (electric field exerted by
neighboring atoms) so that the energy levels of the rare earth ion closely resemble those
of the free ions when incorporated into the LiB4Oyv. This is evident from detailed electronic
structure calculations of various rare earth dopants substitutionally placed in the Li2B:Oy
lattice [25]. This property greatly increases luminescence efficiencies, i.e., signal above
background, with the addition of small amounts of rare earths. Thus, the light output,
generated as a consequence of neutron capture, is more readily detected in a photodetec-
tor and more easily distinguished from background. The doped Li:B:O7 results in a better
linear dose response as compared to common thermoluminescent dosimeter materials
(e.g., LiF), making it an attractive material for dosimetry applications [20,25,28,51]. Alt-
hough many elements have been used for doping Li2B4O7, only cerium-activated lithium
or borosilicate glass scintillators are well established and widely used as thermal (slow)
neutron detectors [9,11,52-55]. And if the goal is to improve the sensitivity of Li2B4Oy, it
can be achieved by doping it with Ag [28]; in addition, combining the Ag-doped Li2B4O7
with solar-blind photomultiplier can also lead to a high signal-to-noise ratio [28].

3. The Optical Characteristics of Li:B+O~

Owing to the wide electronic bandgap (~8.9 to 10.1 eV), as seen in the combined pho-
toemission and inverse photoemission measurements [15,18], Li2B«Or single crystals are
transparent across a wide range of 165-6000 nm, and the fundamental absorption maxi-
mum is located at about 133 nm [15]. In nature, Li2BsO7 occurs as a clear, colorless mineral,
as inclusions of diomignite in pegmatite, and it can be easily manufactured into crystals
or glasses. As mentioned before, it can be fabricated into large sheets, using readily avail-
able manufacturing techniques, so the assembly of large area detector arrays is possible,
and costs can be relatively low [51] because specialized materials processing is not re-
quired. Pure Li2B4Oy glasses, on the other hand, typically present high transparency in the
range of 300-2600 nm, with three low-intensity emission bands centered at 402 nm, 520
nm, and 728 nm [11]. Regardless of whether it is a Li2B4O7 single crystal or a pure Li2B4Oy
glass, the addition of dopants can be expected to alter their respective luminescence spec-
trum.

Figure 2 presents the transmission spectra of both undoped and doped single crystals
of Li2B4Oy. In this figure, signatures of an apparent trade-off between luminescence and
transparency, as an increase in luminescence comes at the cost of transparency and effi-
ciency of light collection, are observed. Doping Li2B4Oy7 single crystals with Ag gives birth
to new absorption bands at 174 nm and 205 nm (indicated by the arrows in the figure),
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whereas both undoped and Cu-doped Li2B4Or crystals present a broad low-intensity band
[51].
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Figure 2. Room-temperature transmission spectra of Li2B4O7 single crystals: 1—undoped; 2—Cu
doped; 3—Ag doped. Adapted from [56].

Figure 3 presents the electronic band configuration of Li-BsOr obtained from photoe-
mission spectroscopy (PES) and inverse photoemission spectroscopy (IPES). The spectra
reveal several sub-band transitions. The valence band has a high-intensity (or high elec-
tron density) primary peak in photoemission (below the Fermi level (Er)), and the strong
feature above Er, observed in inverse photoemission, denotes the conduction band edge.
A detailed analysis of the structures shown in Figure 3 unveils that the top of the valence
band in a Li2B4Oy7 single crystal is mainly occupied by just boron—oxygen groups, while
the bottom of its conduction band includes orbital contributions from lithium as well
[15,57]. The energy interval between the two strong spectral features in Figure 3, one each
in photoemission and inverse photoemission, represent the ground-state bandgap. From
these measurements [15,18] on a Li2BsO7(100) crystal, the ground-state bandgap is found
to be 9.8 £ 0.5 eV, falling right in the range between 8.9 + 0.5 eV and 10.1 = 0.5 eV
[15,18,56,58,59], which is somewhat in line with theoretical expectations [57]. These meas-
ured values for the ground-state bandgap are higher than the previously measured values
of the optical gap (Eg (opt) =7.4 eV) extrapolated from the absorption plot [15,56], but they
are closer to the theoretical ground-state bandgap. This means that incident photons pos-
sessing energy less than the ground-state bandgap, determined from photoemission and
inverse photoemission, can still create electron-hole pairs by exciting electrons from the
valence band to the conduction band. The creation of carriers will manifest as an increase
in the conductivity of the crystal, especially if the carrier mobility and lifetimes are rea-
sonable. Such an increase in the electron population in the conduction band due to optical
excitations will, in turn, amplify the photoconductivity of Li2B4O7 crystal, while modifying
its optical parameters. That is to say, once the Li2B4Or crystal becomes conductive, the
complex refractive index, 7i = n(1 + iy), becomes more relevant to the crystal structure
model.
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Figure 3. The intensity of the combined experimental photoemission (left) and inverse photoemis-
sion (right) data for a Li2B4O7(100) crystal along (a) [011] and (b) [010] as a function of the binding
energy E-Er, where Er is the Fermi level. Adapted from [18].

The overall dielectric function for all coordinate indices for Li2B«O7 can be determined
via the crystallographic direction-dependent density functional theory (DFT). However,
bandgaps estimated from DFT are subject to error and typically produce an incorrect
bandgap that is smaller than the true ground-state bandgap [60-63]. Therefore, the scissor
approximation method (SOA) was applied to the real €1(E) and imaginary e2(E) parts of
the dielectric function (shown in Figure 4). In these calculations, the scissor correction er-
ror of 1.04 eV is towards the lower end of the range specified by Rasmussen [64] of 1-to-3
eV. This error is small, producing a near-identical approximation to the ground-state
bandgap of 7.3 eV that is found using the generalized gradient approximation (GGA),
shown in Figure 5. Here, it must be noted that this gap of 7.3 eV is close to the ~7.4 eV gap
inferred from optical transmission (Figure 2) and the band edges seen in combined pho-
toemission and inverse photoemission (Figure 3); therefore, the usage of these corrections
to DFT appears somewhat reasonable. Figure 6 illustrates the calculated absorption coef-
ficient and refractive index with and without using the scissor approximation averaged
over three directions to account for the fact that all crystal faces are not identical in their
symmetry.
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Figure 4. The real e1(E) and imaginary e2(E) parts of the dielectric constant of a Li2B4O> crystal for
the average of the three index directions (solid lines), and then calculated after application of the
scissor operator (dashed lines) to correct for the underestimated bandgap that is typical of DFT.

(b) Efjz

Figure 5. Calculated spectra of real €1(E) and imaginary e(E) parts of the dielectric constant of
Li2B4Or crystal from DFT with the generalize gradient approximation (GGA). Eg represents the cal-
culated bandgap (6.37 eV). (a) Data for incident light E perpendicular to the z-axis. (b) E parallel to
the z-axis.
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Figure 6. Both (a) absorption coefficient and (b) refractive index are calculated before (solid line)
and after the application of the scissor operator (dashed line) to correct for the underestimated
bandgap that is typical for DFT calculations.

In addition, with the use of Sellmeier equations, the refractive index of the single
lithium tetraborate crystals can be easily verified. The Sellmeier equations applied to the

Li2B4Oy crystals are as follows [65-67]:
0.012337

2-256431+————— —0.01907512
Mo 20013013

2 = 238651 + 2000 01281322
e = 2. 12 -0012878

The resulting refractive indices are plotted in Figure 7, where n§ and n2 represent
the ordinary and extraordinary part of the optical response to the incident light traversing
a single lithium tetraborate crystal along the Cs axis. The curves center on a refractive
index of 1.5, which matches the secondary peak seen in Figure 6. In addition, the small
differences in the curves demonstrate nontrivial birefringence, with a bandgap of approx-
imately 7.41 eV to 10.1 eV (with the calculated value being 6.37 eV) indicating an implicit
correction of 1.04 eV to 3.73 eV. While 7.3 eV is close to the 7.4-7.5 eV gap determined
from optical transmission (Figure 2), the bandgap value of 10.1 eV is close to the ground-
state gap of 9-10 eV extrapolated from the combined photoemission and inverse photoe-
mission spectra (Figure 3).
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Figure 7. The refractive index as a function of energy of the incident photon.

The fact that structural distortions, particularly at the interface of Li2B4O7 single crys-
tals, affect the electron levels in atoms was clearly demonstrated by Wooten et al. [18,58]
and the theory of [68]. The influences of imperfections and defects in the lattice of Li2B4O7
single crystals are highlighted in Figure 8, which illustrates that the absorption edge for
the Li2B4Oy glass differs substantially from that of the Li2B:Oy single crystal [67]. From this
figure, it is evident that the fundamental absorption maximum for borate glass occurs at
much longer wavelengths [67], i.e., lower energies, in comparison with that of the Li2B:Oy
single crystal [58,67,69]. For the Li2B4Or glass, the absorption spectrum shows an indistinct
absorption edge, which is common for glassy samples since the crystallographic direction-
dependent anisotropic optical properties are expected to be suppressed [70]. The elec-
tronic structure of disordered media, which include Li2B4Or glasses, can still be reconciled
with the electronic states of Li2B4Oy7 single crystals [19], chiefly because of the similarities
in the electron energy density distributions. With this in mind, the long wavelength shift
of the absorption edge of the glass in comparison with single crystals can be explained by
blurring the boundary of the electronic density of states. Moreover, the energy band
model is still valid here, considering that the direct inter-band transitions are forbidden,
with indirect transitions of phonons and excitons occurring through mediation. A detailed
discussion regarding such indirect optical transitions is presented elsewhere [71].
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Figure 8. Intrinsic absorption edge of Li2B4O>: (1) glass sample and (2) single crystal [67].

4. Factors Affecting Charge Production

As noted above, lithium tetraborate has a ground-state bandgap of roughly 9.8 eV
and a measured optical bandgap of 6.7 eV, and this significant bandgap, while improving
light transmission, limits the number of electron-hole pairs created by the reaction prod-
ucts resulting from neutron capture. This optical bandgap corresponds to an approximate
number of possible charge hole pairs of ~410,000 for the most probable reaction channel
of 1B (94%), which has a much higher cross-section than 6Li. This calculation, of course,
assumes that all the reaction energy is absorbed. Having said that, for a more accurate
calculation, a correction factor to completely account for the production of an electron-
hole pair due to the absorption of incoming radiation with an energy above the bandgap
must be included. These correction factors have been estimated to be 3.17 [72] and 3.44
[73,74], and employing the correction factor calculated by Klein [72] indicates that a 1°B
reaction should produce roughly 200,000 charges. Using the same logic for 6Li, approxi-
mately 416,000 charges would be produced, but recall that this advantage is reduced since
it is known that °Li has a smaller cross-section and lower elemental concentration. These
numbers are, of course, not completely realistic, as they are just the upper limits, as not all
of the subsequently created electron-hole pairs will give rise to detectable scintillations.
Instead, a neutron capture event near the surface (or an interface) can also result in either
an incomplete electron-hole production or Auger-electron production or photoemission.
Without defects or a dopant, excitonic decays are capable of producing photons well into
the UV, given that the optical gap is 6.7 eV, while the ground-state bandgap is 9.8 eV.

Convincing evidence of electron-hole pair production from neutron irradiation can
be collected by considering Li2B«O7 as a capacitive detector. The electrical response of a
Li2B4O7 detector to a neutron fluence is expected to result in a distinctly different pulse
count while being irradiated, as compared to the background measurement. A Li2B:O7
crystal was irradiated in the radial neutron beam of a TRIGA Mark Il nuclear reactor, and
the operating bias was increased (or decreased) until a signal was detected. Once the op-
erating biases were fixed upon the detection of a signal, the pulse height spectroscopy
data were recorded, as shown in Figure 9. The shutter to the beam was opened and then
closed cyclically between 10-minute irradiation measurements and 10-minute back-
ground measurements, using a multichannel analyzer. These results demonstrate an in-
crease in conductance with neutron capture, consistent with the electron-hole pair crea-
tion from the Li and He or 3H and “He ion tracks. Although counts were observed above
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the background during irradiation, there are no distinct spectral differences. This outcome
indicates that the background electrical noise is likely due to dielectric breakdown or an
increase in conductivity due to electron—hole pair creation, much like the expected in-
crease in conductivity due to photocarrier creation discussed above.

8000 = i I

\ —6— Background

6000 —»—TRIGA MARK |l at 540v Bias| |

T

4000

Counts

2000

O 10 20 30 40 50 60
Channel Number

Figure 9. The differential pulse height spectrum obtained for a 10-minute count of background- and
neutron-irradiated biased Li2B4Oy crystal.

5. Factors Affecting Light Production

Based upon the bandgap of Li2B4Oy, scintillation is expected to produce a photon in
the UV energy range. Figure 10 provides the scintillation response of undoped Li2B4O7 to
a particle radiation from 2Am (Figure 10a), and neutrons plus a particles from a 2°Pu
source (Figure 10b). In these cases, assessing the interactions with incoming a radiation is
particularly important, as a particles are also among the main reaction products of the 1°B
or SLi neutron capture reactions. The results shown in Figure 10 confirm that the majority
of the light response falls below ~450 nm, which is largely in the UV spectrum (10-400
nm). However, it is desirable to produce visible light in order to exploit the high efficien-
cies of PIN diodes and photomultiplier tubes. Therefore, if highly efficient scintillator neu-
tron detection systems are to be realized using Li2B4Oy7, then the neutron capture must be
maximized, as the bandgap is engineered to produce more transitions to a longer wave-
length (i.e., in the visible range) while being unaffected by environmental factors such as
temperature. One bandgap-engineering option for increasing the wavelength in the light
emission spectrum is through the inclusion of defects into the Li2BsO7 structure. It has
been shown that surface states [68,75] produce photovoltaic charging effects on the mate-
rial, pinning the surface potential 3.5 eV away from the conduction band minimum (see
Figure 3) [76]. Therefore, surfaces states and defects can lead to scintillation in the near-
visible [77-79], as shown in Figure 10b.
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Figure 10. Luminescent response in Li2B4O7 to a radiation from ! Am without (a) and with (b) Ag
doping. Luminescent response in Li2B4O7 peaks at around 371 nm (a) but peaks at 533 nm with (b)
Ag doping.

Most of the rare earths exhibit emission in the visible region and into the near-infra-
red region [37,44]. Depending on the host, these transitions can be modified; however, all
the electronic levels of the rare earth will remain inside of the bandgap of the host. When
the rare earth takes the place of one of the atoms in the host, such sites become a trap
center. The new transitions or trap energies can be observed via thermoluminescence, ra-
dioluminescence, or light output measurements. In 1996, Wojtowicz [80] used a simple
band structure model to study the scintillation mechanism of a compound in the form of
ABs doped with a rare earth ion and found that, depending on the f-s energy promotion
[80] a rare earth ion will act as an electron or hole trap. Energy calculations, based upon
the f-s transition energy, propose lanthanide ions as the prime candidates to be used as
activators for electron or hole traps. These ions can be used in Li2B4O7-based compounds
(as shown in Figure 11) to act as outstanding activators for modification of the lumines-
cence spectrum [80].
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Figure 11. Energies of f-s transition for rare earth (RE = Ln in the figure) ions in their 3+ and 2+ states.

The ions most likely to act as an electron (bottom curve) or hole (top curve) traps are indicated by
squares. Adapted from [80].

Not only are the luminescence spectra of rare earth-doped Li2B4O7 affected by the
kind of rare earth dopant [11,22,24-26,30,32,34,40,41,47,81]; they are also affected by the
rare earth dopant’s concentration [30,81] and the growth atmosphere [34]. The prelimi-
nary work of Zadneprovski et al. [11] suggests that co-doping Li2B4O7 with Cu along with
many rare earth dopant additions leads to a very efficient neutron scintillation (Figure 12),
and this may limit the available concentrations of activators when managing the overall
luminescence spectrum.
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Figure 12. The neutron pulse height spectra (1) taken from a Pu(Be) source (®) compared to y radi-
ation (2) from a “Co source (0) and background (3,¥) from various doped and undoped lithium
tetraborates. Adapted from [11].

Rare earth elements tend to occupy the Li* sites of Li2B4O7 [25,40,47], and the struc-
tural geometry of rare earth-doped Li2B4O7, as shown in Figure 13, does not change sig-
nificantly with dopants. The occupation of B sites by a rare earth element is quite unlikely
owing to the large difference in the ionic radii of B ions and that of the rare earth elements
(and the oxygen coordination number of the rare earth). Li* substitution is not the only
consequence of rare earth doping; a few site distortions and site disorders are present as
well, due to the change in the lengths of the bonds between the rare earth and surrounding
atoms. X-ray absorption near-edge structure (EXAFS) data have shown that bond lengths
decrease with the increase in atomic number [25]. It is also known that rare earth impuri-
ties on Li2B4Or are present in the form of trivalent (RE**) ions [32,40,47]. Kelly et al. [25],
using density functional theory (DFT), show indications of strong hybridization between
rare earth states and the Li2B4«O7 host. In their study [25], they used five rare earth ele-
ments: Nd, Gd, Dy, Er, and Yb; however, only the first four demonstrate overlapping of
the unoccupied 4f levels of the rare earth with the conduction band of Li2B«O7 [25]. This
finding is another indication that rare earth elements tend to occupy Li* instead of B, be-
cause Li* is bonded to the B«O7 by ionic bonds, while boron and oxygen are strongly tied
via covalent bonds. The importance of understanding hybridization in scintillators cannot
be emphasized enough because significant hybridization between the rare earth states and
the Li2B4Or host can increase luminescence and decrease excited-state lifetimes. The rare
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earths will add states within the undoped Li2B1O7, reducing the bandgap at high concen-
trations without affecting the transparency [24].

Figure 13. Structural model of the rare earth-doped Li1sB320s6. Oxygen (red), boron (light pink), lith-
ium (purple), and RE (green). Both the theory and experiment evince that the RE occupies the Li*
site. Modified from [25].

A final challenge when adding activators to Li2B4Oy7 is in avoiding degradation to
transparency. This is still a ripe area for research and material advancement. In experi-
ments involving the doping of Li2B4O7 with 3% Er via concentration, photo-optical char-
acterization demonstrated no reduction in transparency; however, little effort has been
made to characterize its total scintillation efficiency [25]. Er, like Ce, Eu, Tm, and Yb, is a
rare earth element with similar chemical behavior, and, thus, other rare earth elements
also appear quite promising.

The preliminary results of Kelly et al. [25] are not too surprising given the prior suc-
cesses with the rare earth doping of Li2B«O7. What is still not known is the range of possible
elemental concentrations or combinatory mixtures of co-doping Li:BsO7 with Cu along
with other rare earth elements, such as Ce, Tb, and Er, and their effects on its optical and
mechanical properties. In some cases, the optical transparency was improved, while it
stayed unaltered in other cases [11]. Additionally, about 80-85% of the transmission in
doped Li2B«Or is revealed to be in the range of 350 nm to 800 nm [11], demonstrating the
high optical quality of the pure and doped glasses, which is quite an encouraging result
(to say the least).

6. Conclusions

In conclusion, Li2B4O7 has several inherent physical, atomic, and nuclear properties
that establish it as a promising candidate for a high-efficiency, low-power, robust, low
false-positive neutron detection medium. Although the elemental content and structure
of Li2B4Oy, along with the possibilities for °Li and B isotopic enrichment, render it a great
candidate for neutron scintillation detector material, there is still substantial room for im-
provement in order to attain higher quantum efficiencies. Such a goal can be achieved
through a better understanding of the parameters affecting detection efficiencies, im-
proved signal-to-noise ratio, background rejections, and self-moderation of MeV neutrons
so as to determine the best moderator combination. The interplay of these factors compli-
cates finding the ideal dopants and their respective doping concentration for producing
higher scintillation following interactions with neutrons. As it stands, doping Li2BsO7with
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either europium, ytterbium, samarium, or copper is especially promising, as existing in-
vestigations indicate that they can be readily introduced into its crystal structure, barring
a few minor detrimental effects to its luminescence and mechanical qualities. All things
considered, it is fair to say that further experimental studies on both the scintillation effi-
ciency and transparency of Li2B4Or are needed.
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