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Undoped lithium borate glasses and those doped with Cu, Ce, Sm, Eu, Tb, Tm, Yb have
been synthesized; the optical and luminescence properties thereof have been determined as
well as some scintillation characteristics at registration of neutrons (E, < 10 MeV) and of
the 89Co y radiation. The lithium borate glassy scintillators have been established in
experiment to have a high sensitivity to neutrons and to be suitable to record selectively
neutrons in mixed radiation fields. The results obtained evidence that such scintillators
can be an alternative of promise to the known neutron detectors based on gases, liquids,
plastics, and crystals.

CUHTe3UPOBAHLI CIUHTHUJISINOHHLIE JIUTUI-00pAaTHLIE CTEKJA YHUCThle M aKTUBUPOBAH-
meie npumecamu Cu, Ce, Sm, Eu, Tb, Tm, Yb. Onpeznesensr nx onTuuyecKkue u JIOMUAHECIEHT-
HBIE€ CBOIiCTBA, a TaKKe HEKOTOPbIe CIUHTUJIIAIMOHHBIE XaPAKTEePUCTUKN P PErucTPaIuu
HeUTpoHOB ¢ sHeprueil o 10 MsB u ramma-usiayuenus °0Co. DKCIEepPUMEHTAIBHO YCTAHOBJIE-
HO, UTO JUTHUI-0OPATHBIE CTEKJO000PAa3HbIEe CIUHTUJIIASTOPHI MMEIOT BBICOKYIO UYBCTBUTEJb-
HOCTb K HeliTpoHaM 1 9(PMEKTUBHBI IJId UX CEJIEKTUBHONM PEruCTPAIlMK B IIOJAX CMEIIaHHBIX
uadayuenuii. [lonyyeHHble Pe3yabTaThl HOKAa3LIBAIOT, YTO CIIUHTHUJISTOPLI dTOTO THUIA MOLYT
SIBJISITHCS IIE€PCIEKTHUBHON aJbTEPHATUBOM WMB3BECTHLIM /[ETEKTOPaAM HEHTPOHOB HA OCHOBE
rasos, JKHUIKOCTEH, IIJIaCTMAacCC U KPHCTAJJIOB.

© 2005 — Institute for Single Crystals

Historically, neutron detecting instru-
mentation has been based on gas propor-
tional counters. However, it is no doubt
that the interest in application of scintilla-
tion technologies using neutron-sensitive in-
organic scintillators is increasing. The gen-
eral requirements to these materials have
been formulated in [1]. Numerous crystal-
line neutron scintillators were summarized
in review [2]. The possibility of neutron
registration by means of these materials is
due to (n, «)-type reactions on nuclei of
matrix elements followed by the ionization
of the medium with energy transfer to light
emission centers. Thus, it is especially im-
portant for the material to contain a high
concentration of elements having large
cross sections of (n, o)-reactions as well as
intrinsic or extrinsic luminescence centers.
Another extremely substantial requirement
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is a minimal sensitivity of the scintillation
material to y radiation.

The Li,B,O; (LBO) single crystals doped
with some activators were recently reported
to be an adequate material to these require-
ments [3, 4]. However, there are essential
technological difficulties in the growing of
large defect-free Li;B4O; crystals [5] and
their doping with activators. At the same
time, it is well known that the Li,O-B,0j3
oxide system provides a wide range of
transparent glasses formation (from 57 to
100 mol.% B,03). The scintillation LBO-
glass of the same composition as Li,B,O;
crystals were proposed by the authors [6, 7]
realizing this trend. In both cases, the scin-
tillator response is due to neutron capture
reactions by nuclei of 6Li and 9B isotopes
contained in material [2]:
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Fig. 1. Samples of LBO glasses.

n + SLi — 3H(2.75 MeV) + 4He(2.05 MeV), (1)

n+10B

[7Li(1.0 MeV) + ‘He(1.8 MeV) (2a)
|7Li(0.83 MeV) + *He(1.47 MeV) + 7(0.48 MeV) (2b)

Here, it is just the reactions (2) that
contribute mainly to the response, since the
10B content in initial reagents is much
higher than that of SLi (the natural abun-
dance of boron and lithium isotopes: 1B
(19.8 %), "B (80.2 %), SLi (7.52 %), “Li
(92.48 %)). Therefore, it is useful to in-
crease the B,O; component content in the
glass. Also in comparison with crystals the
glassy state of the material provides also
much more possibilities of doping to in-
crease light emission and fit its maximum
to the maximum sensitivity area of various
photoreceivers.

Taking the above as a background, we
have synthesized the lithium-borate (LBO)
glasses, both pure and doped with some ac-
tivators. When choosing the activator, we
sought to obtain a series of scintillators
having light emission maxima in a range
from blue to red spectral region. The trans-
mission and luminescence spectra of glasses
were investigated as well as their scintilla-
tion amplitude spectra under excitation
with neutrons and y-ray sources. A special
attention was paid to assess the ability of
LBO-scintillators to discriminate the neu-
tron component from attendant y-radiation
and background.

Synthesis of LBO-glasses. Li,B407,
Li,CO3, and B,O3 reagents of 99.75 % pu-
rity were used as starting materials to pre-
pare the LBO glass matrix. The luminescent
dopants were introduced in the base blend
as CU20, Sm203, EU203, Tb203, Tm203,
Yb,0O5 oxides and Ce(NO3); salt. The glasses
were synthesized in platinum or porcelain
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Fig. 2. Measurement system for registration
of scintillation characteristics.

crucibles. The mixtures of initial reagents
were melted in air at 875°C and then held
for 2-4 h at 975-980°C in to homogenize
the melt and to remove gas bubbles there-
from. Then the melt was poured into a
mould made of non-wettable material and
annealed from 500°C to room temperature
for several hours. The obtained glasses con-
tained few defects presented by gas bubbles
and cords. The presence of crystalline
phases possible in Li,O-B,03 system was
tested by X-ray diffraction and detected
(Li;B4O; mainly) in a background level of
diffraction patterns in some individual sam-
ples only. The samples for measurements
were prepared in the form of polished par-
allelepipeds and disks of 10 to 12 mm thick-
ness (Fig. 1).

Measurements of optical and scintillation
characteristics. The optical transmittance
spectra were measured in a range up to
900 nm by a double-beam spectrophotome-
ter. The luminescence spectra were regis-
tered in 8340-800 nm region at room tem-
perature using the excitation at 2, =
337 nm from nitrogen laser. The scintilla-
tion of LBO glasses was measured using a
setup shown in Fig. 2 which included a mi-
crosecond preamplifier, an active filter am-
plifier and data collection system compris-
ing an amplitude-digital converter and
camac create-controller. The differential
discriminator and counting device provided
the visual control of measurements. Two
types of photoreceivers were used, namely,
an AVP-150 photomultiplier (photosensitiv-
ity maximum 380-480 nm) and silicon p-i-n
photodiodes S 3204-05 of Hamamatsu Co.
having the highest sensitivity in the 600—
1000 nm range. The amplitude spectra of
neutrons and y-radiation were measured at
excitation of LBO-glasses from Pu(Be) and
80Co sources, respectively. The radiation
background spectra were also registered.
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Fig. 8. Transmission (1) and luminescence (1*) spectra of undoped and activated LBO glasses. For
undoped LBO glass: I — Li,0-3B,04; 2 — Li,0-2B,04; 3 — Li,0-1.5B,0,.

The Pu(Be) source had the activity
10° n/sec and continuous energy spectrum
in 0 to 10 MeV range with weak peaks at 4
and 7 MeV and y-ray component at
4.43 MeV. The %9Co source activity was
8.7-10% sec™!. The distance between sources
and samples during the measurements was
10 cm. The amplitude spectra were meas-
ured during 10 min using the photomulti-
plier and during 300 min for photodiodes.
Optical transmission and emission char-
acteristics under UV excitation. The un-
doped glass samples were synthesized with
three Li,O-n-B,O3 compositions at n = 1.5;
2.0, and 8.0. The transmission spectra of
these glasses presented in Fig. 3 show the
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shift of optical transparency edge towards
shorter wavelengths while the B,O3 content
increases. However, B,O3; concentration ex-
ceeding 75 mol.% causes a strong hygro-
scopicity of material. Therefore, the matrix
of Li,O-3B,0; composition was selected as a
basis for the synthesis of LBO glass scintil-
lators. Moreover, it is to note that the use
of porcelain crucibles produced 20-30 nm
shift of optical transparency edge to long-
wavelength side. It is obvious that the rea-
son therefor is some contamination of the
glass melt with the crucible material. The
density and refractive index of Li,0-3B,03
glass amounted 2.28 g/cm® and 1.54, re-
spectively, as measured by of hydrostatic

263



B.1.Zadneprovski et al. /| New inorganic scintillators ...

weighing and an immersion liquid. The ef-
fective atomic number of the glass matrix is
Zeff = 7.28.

The undoped Li,O-3B;03-glass shows an
intrinsic luminescence with three low-inten-
sity bands as is shown in Fig. 8 and Table 1.
This fact indicates that the undoped glass
contains emission centers of at least three
types. It is known that the intrinsic lumi-
nescence of crystalline lithium borates
(LiB3Og, LiyB,O;) is characterized by a
broad UV band (,,, = 330-340 nm at
295 K) and is due to radiative annihilation
of the self-trapped excitons or excitons lo-
calized at the lattice defects [8, 9]. Accord-
ing to this conception, it is possible to asso-
ciate the three bands in the LBO glass lumi-
nescence spectrum with the intrinsic matrix
defects distributed in various fashions in
three main structural groups of the glass
[10], namely, in triborate and tetraborate
complexes and at bridge bonds between
those. However, the models of centers and
emission mechanism thereof require an im-
provement.

The transmission and luminescence spec-
tra of doped samples are represented in Fig.
3 and the main characteristics thereof, in
Table 1. It is seen that doping with copper,
cerium, europium, and ytterbium shifts the
optical transparency edge towards longer
wavelengths. The reason therefor is obvi-
ously the absorption bands of doping ions
situated next to the transmittance cutoff
wavelength for pure glass. Besides, the

Cn,a.) bam

Gy, barn
102} 101 Photoelectric
1k
10 10_5 1 1 1
10°F 107 107" Ey, MeV
10—1 L
102} epithermal
cold thermal -intermediate fast
10_3 1 1 1 Ly 1 1 1
1074102102 10" 10*  10°  10°E, eV

Fig. 4. Total cross section of 6Li(n,c) and
10B(n,cr) neutron reactions, and cross sections
of photoelectric absorption in Li,0-3B,0,
glass.

glasses containing copper and cerium show
additional absorption bands induced by
some amounts of Cu2* and Ce?* ions formed
in oxidizing conditions of the synthesis.
These glasses are colored (Table 1). For
LBO.Cu glass, the intensification of absorp-
tion next to 300 nm and, moreover, the
broad band with a maximum at 800 nm tes-
tify to presence of Cu2* ions, while the ab-
sorption of Cu'* ions is situated in the fun-
damental absorption area of glass matrix at
240 and 260 nm (14 < 3E reversible transi-
tion), according to our spectral investiga-
tions of Li,B,O;:Cu'* crystals and similar
data from [3]. The absorption of oxidized

Table 1. Main optical characteristics of LBO glasses

Activator ions, Glass color Short-wave edge of Main wavelengths of
concentration (mass.%) optical transparency” luminescence (nm);
(nm) emission transitions
Undoped colorless 281 406; 520;728
Cu'*; 0.25 blue 327 373 3E - 14
Ce*; 1.0 weak yellow 362 895 2Dy 5 — 2F; 5 1/
562 Gy 5 — SHy 5
Sm3*; 2.5 colorless 286 598 4G5/2 N 6H7/2
645 ‘G5, - ®Hy o
Eu®*; 2.5 weak pink 304 612 5Dy - BAN®AOLB'F,,
Tb3*;; 0.5 colorless 281 499 5D4 N 7F6
547 D, — "F,
Tmd*; 2.5 colorless 289 452 1G4 N 3H6
Yb3*; 0.5 colorless 307 527; 728

*) the long-wave edge is found at 2760 nm
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Table 2. Efficiency and selectivity coefficients of LBO-glass scintillators

Activator ions, Source Detector efficiency for different photoreceiver
co?r;(;r;tsljg/gon photomultiplier p-i-n-photodiode
€; Kdiscr €; Kdiscr
Undoped Pu(Be) (2.140.1)E-02 50+15 (1.840.2)E-03 7+3
60Co (4.2+1.2)E-04 (1.940.8)E-04
Cu'; 0.25 Pu(Be) (1.5+0.1)E-02 47+18 1.4+~BR RNeCB( 813
.2)E-03
60Co (3.2+1.3)E-04 (1.740.6)E-04
Ce®; 1.0 Pu(Be) (3.0+0.9)E-02 42+4 6.4+—BR RN:CB( 4+2
.9)E-04
80Co (7.142.1)E-04 (1.740.7)E-04
Sm3*; 2.5 Pu(Be) (8.1+0.1)E-08 22+1 6.1+—BR RNeCB( 19+7
.6)E-04
80Co (3.610.1)E-04 (3.241.1)E-05
Eud*; 2.5 Pu(Be) (2.240.1)E-02 2348 1.05+—BR RNeCH 19+2
0.03)E-02
80Co (9.54+2.8)E-04 (5.5+0.3)E-04
Tb%*; 0.5 Pu(Be) (2.840.1)E-02 58+15 1.5+—~BR RNeCB( 743
.3)E-03
80Co (4.041.0)E-04 (2.1+0.8)E-04

Ce** ions is not manifested in the optical
transparency area of LBO glass, because
their absorption band is at 240-250 nm, for
example, in silicate and phosphate glasses
activated with cerium [11]. The transmit-
tance edge shift by 80 nm to longer wave-
lengths is caused by Ce3* ion absorption
band centered at 310-8315 nm (4f — 5d ab-
sorption transition). For the glass contain-
ing ytterbium, the increase of absorption
around 300 nm may be due to some amount
of Yb2* ions showing a broad absorption
band in near UV region.

The luminescence spectra of LBO:Cu and
LBO:Ce glasses represented by broad un-
structured bands overlapping in short-wave-
length parts with edge of the glass optical
transparency area. This fact as well as the
presence of a fraction of copper and cerium
ions in the inactive Cu?* and Ce?#* state
decreases the luminescence integral output.
The main emissive bands of glasses doped
with Sm, Eu, Tb, Tm are in the optical
transparency region of the material. The
bands are relatively broad and their struc-
ture is feebly pronounced, what is charac-
teristic for glasses in general. The band po-
sitions correspond well to their locations in
spectra of other glass types [12]. The lumi-
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nescence spectrum of LBO:Yb glass contains
two bands similar to those centered at 520
and 720 nm in the pure glass spectrum.
This fact shows that the main luminescence
centers in the range up to 800 nm are the
intrinsic centers of the glass matrix. How-
ever, the intensity of bands is a little bit
higher, also the 520 nm band has a shoul-
der near 540 nm. It is possible that ytter-
bium intensifies the emission of intrinsic
centers existing in LBO matrix and a frac-
tion of ytterbium in glass is in the above-
mentioned state of Yb2* ions emitting at
530-550 nm in many materials.
Scintillation by neutron and y-rays irra-
diation. The sensitivity of obtained
Li,O-3B,04 glass to neutrons and y radiation
is characterized by energy dependences of
cross sections S(na) and o, shown in Fig. 4.
The 6, ) was calculated by us according to
data [13] taking into account the natural
abundance of '0B and 6Li isotopes. Fig. 4
vindicates in principle the high selectivity
of LBO glass scintillator for neutron regis-
tration in mixed radiation fields. For exam-
ple, in the case of attendant y-radiation of
60Co, the o n,a)/0y ratio amounts to 107-
102 within the range from cold to fast neu-
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Fig. 5. Amplitude spectra of neutrons from Pu(Be)-source (®), gamma-radiation from 89Co-source (o)
and background (v) obtained by means of LBO glass scintillators and photomultiplier (PMT) or p-i-n-
photodiode (PhD). N, total counts per channel; n, number of channel.

trons. Experimentally, the absoclute scintil-
lation efficiency of LBO glasses to register
neutrons and gamma-radiation was assessed
by means of relationship:

g =N;/(4; Ao - t), (3)

where N; is a count of events from Pu(Be)
or 89Co source registered by the detector;
A;, the source (Pu(Be) or 80Co) activity; Ao,
the solid angle of the detector; ¢, the meas-
urement duration. The selectivity of mate-
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rial to neutrons was characterized by the
discrimination coefficient:

Kgiser= SPU(Be)/SGOCO’ 4

where Epu(Be) and €%9Co are the absolute reg-
istration efficiency of events from Pu(Be)
and 80Co sources, respectively.

The most typical experimental amplitude
spectra obtained by means of LBO glass
scintillators are presented in Fig. 5. The
spectra of Pu(Be) source have no pro-
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nounced photopeaks because the energy
spectrum of its neutrons is practically con-
tinuous. At the same time, it is seen well
that the y spectra of 80Co source and of
background are situated mainly in the re-
gion of low channels and do not overlap the
main area of neutron spectra. The y spectra
damping is especially effective when a
photomultiplier is used as the photore-
ceiver. The assessments of registration effi-
ciency and discrimination coefficients for
both photoreceiver types are presented in
Table 2. One can see the values of &py(ge)
and K ;. to increase if the emission region
of LBO glass coincides with the photosensi-
tivity region of the receiver. These detector
parameters of are worse noticeably when a
p-i-n photodiode is used instead of photom-
ultiplier. In our opinion, the reason there-
for is the high own noise of p-i-n diode,
which rises under y-irradiation from the
sources. This result does not close of course
the promises of p-i-n-diode use with LBO
scintillators. For comparison, the charac-
teristics of traditional organic scintillators
(anthracene, polystyrene, stilbene) were
measured using a similar photomultiplier
and in the same conditions. The obtained
discrimination coefficient values do not ex-
ceed 6. This result is substantially smaller
than K., shown by investigated LBO-glass
scintillators.

Thus, the glasses (pure and doped with
some activators) have been synthesized in
the Li,O-B,O; oxide system. The optical
transmission and luminescence spectra and
some scintillation characteristics thereof
have been investigated. It was found in ex-
periment that the LBO bglass scintillators
have the neutron registration efficiency ex-
ceeding that of y radiation by a factor of 10
to 100. The high selectivity to neutrons
gives an advantage to LBO glasses over
other scintillators regarding their applica-
tion in mixed radiation fields. The results
obtained demonstrate that the mentioned
scintillator type can be a promising alterna-
tive for the known neutrons detectors on a
basis of gases, liquids, plastics, and crys-
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tals. The LBO glasses can be obtained in
large volume that is important for making
large-size detectors.
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Hosi Heopramiuni cuuaTUasgaTopu Ha ocHoBi LBO ckia
OJIA peecTpalii HeHTPOHiB

B.1.3a0nenpoécvruii, H.B.€pvomin, A.A.Ilacxanos

CuHTe30BaHO UmMCTi Ta JerosaHi akTusyloummu gomimxamu Cu, Ce, Sm, Eu, Tb, Tm, Yb
mitifi-OopaTHi cTekja Ta BH3HAYEHO IXHI ONTHYHI Ta JIOMiHECIIeHTHI BjacTHBOCTI Ta mesakKi
CUMHTHUAANINHI XapakTepucTuku Inpu peecrpanii melitpoHiB 3 enepricio mo 10 MeB Ta
ramma-npominaa °9Co. ExcmepuMeHTanibHO BCTAHOBJIEHO, L0 JiTiii-GopaTHi cKIOmOLiGHI
CIIMHTUJSATOPU MAIOTh BUCOKY UYYTJIUBICTH J0 HEHUTPOHIB i MOMKYTh OyTH 3acTOCOBaHi mJIA
CeJIEKTUBHOI peecTpallii HeHTPOHIB y MOJAX 3MimaHux BUIpoMiHioBaHb. Ogep:kaHi pesyJb-
TaTU CBigUaTh, 1[0 CIIUHTUJIATOPU IILOTO TUIIY MOMKYTL OYTU MMEPCIeKTUBHOIO aJlbTePHATHUBOIO
BiToMUX MeTeKTOpiB HeHTPOHIB Ha OCHOBIi rasiB, pigwH, mjaacTMac Ta KPHUCTAJiB.
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